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CALCULATIVE TECHNIQUES  FOR  TRANSONIC  FLOWS 

ABOUT CERTAIN CLASSES  OF AIRFOILS AND SLENDER  BODIES 

By John R.  Spreiter"  and  Stephen S. S tahara  
Nielsen Engineering & Research, Inc .  

SUMMARY 

Analysis  and  the  development  of  associated  computational  programs 

were car r ied   ou t   for   the   purpose   o f   deve loping   ca lcu la t ive   t echniques  for 
p r e d i c t i n g   p r o p e r t i e s  of t r anson ic   f l ows   abou t   t h in   a i r fo i l s  and s l ende r  
bodies .  The procedures   are   based on the  method o f  local  l i n e a r i z a t i o n  
and the   t ransonic   equiva lence   ru le   and   apply   to   t ransonic   f lows   wi th  

free-s t ream Mach number in   the   ranges   c lose   to   one ,   be low  the   lower  cr i t i -  
c a l ,  and  above t h e   u p p e r   c r i t i c a l .  Comparisons  were made with  experimental 
r e s u l t s   f o r   s u r f a c e   p r e s s u r e   d i s t r i b u t i o n s  on a class  of  two-dimensional 
a i r f o i l s   a t  M, = 1 and  for   sur face   and   f low-f ie ld   p ressure   d i s t r ibu t ions  
f o r  a number of  slender,   pointed,   axisymmetric  and  nonaxisymmetric  bodies,  
b o t h   n o n l i f t i n g   a n d   l i f t i n g ,   a t  M, = 1 and a l s o  a t  Mach numbers  below 
the  lower  cr i t ical   and  above  the upper c r i t i c a l .  

Al toge ther ,   the   ca lcu la ted  results e x h i b i t  good agreement  with  the 

da ta   for   a l l   the   shapes   cons idered   and   over   the   major   por t ion   o f   the  body 
length ,   a l though  no tab le   d i screpancies   cons is ten t ly   appear   near   the   rear ,  
pa r t i cu la r ly   fo r   t he   t h ree -d imens iona l   bod ie s .   In   add i t ion   t o   e f f ec t s   o f  
shock-wave boundary-layer  interaction  and  vortex-induced  separation  not 
i n c l u d e d   i n   t h e   t h e o r y ,   a n a l y s i s   o f   t h e   d i s c r e p a n c i e s   s u g g e s t s   t h a t  
subs t an t i a l   w ind- tunne l   wa l l   i n t e r f e rence   e f f ec t s   a r e   p re sen t   i n   t he  
experimental r e s u l t s  for  the  three-dimensional  shapes.  

INTRODUCTION 

Because o f   b o t h   t h e   i n h e r e n t   d i f f i c u l t y  of solving  the  governing 

equations  of  transonic  aerodynamics  and  the low i n t e r e s t   i n   p r o b l e m s  
c h a r a c t e r i s t i c   t o   t r a n s o n i c   f l i g h t ,   l i t t l e   s u b s t a n t i a l   p r o g r e s s   h a s  been 
made i n   t h i s   i m p o r t a n t   f i e l d   f o r   n e a r l y  a decade  ( refs .  1 and 2 ) .  Even 

* Professor,  Departments  of  Applied  Mechanics  and  Aeronautics  and A s t r o -  
n a u t i c s  , Stanford   Univers i ty ,   S tanford ,   Cal i forn ia .   (Consul tan t  a t  
Nielsen  Engineering & Research,   Inc.) .  



with  the  recent  attention  given to transonic  problems,  it  appears that 
the  majority of research  is  currently  directed  at  the  two-dimensional 
case  (for  example,  refs. 3, 4, and 5). In comparison,  little  emphasis 
has been placed on the  analysis  of  transonic  flow  about  three-dimensional 
bodies,  particularly  lifting,  nonaxisymmetric  shapes,  even  though  all  of 
the  essential  elements,  both  theoretical  (refs. 6 and 7) and experimental 
(ref. 8) have  been  available  for  doing  this  for  over a decade.  In fact, 
prior to this  investigation,  there  existed  only  one  isolated  application 
and experimental  evaluation  of  the  theory to a nonaxisymmetric,  lifting 
flow at M, = 1 (ref. 9)- For  axisymmet.ric  flows,  systematic  studies  of 
theoretical and experimental  results have been  done  only  for  surface 
pressure  distributions  on  cone-cylinders and parabolic-arc  bodies  (ref. 7 ) ,  

and for  a  pair  of  related  bodies  having  maximum  thickness at 30 percent 
and 70 percent  of  the  body  length  (ref. 10). The  present  study  extends 
the  previous  work to include  nonaxisymmetric  bodies,  lifting, as well as 
nonlifting  cases, and conditions in the  flow field  in  addition to the 
body  surface.  Comparisons  of  the  theoretical  results  with  experimental 
data  are  made  throughout. 

Although  the  ultimate  goal  of  the  present  investigation  is to develop 
calculative  techniques  for  the  prediction of the  flow  field,  pressure 
distribution, and  aerodynamic  characteristics  of  three-dimensional,  lifting, 
wing-body  combinations,  the  purposes  of  this  initial  study  are  (1)  to 
select an appropriate  theoretical  method  in  view  of  the  goal,  and (2) to 
proceed to develop  computational  programs  for  calculating  the  pressure 
distributions  on  the  surface and  in  the flow  fields  of  increasingly 
complex  classes  of  shapes.  Because  experimental  verification  of  the 
theory is essential,  primary  attention is  directed  toward  shapes  for  which 
data  are  available.  Systematic  comparisons of experimental and theoreti- 
cal  results  provide  both a thorough  evaluation  of  the  effectiveness  of 
the  theoretical  method  and  also  establish a basis  for  attacking  the  more 
general  problem  of  predicting  transonic  flow  about  wing-body  combinations. 
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LIST OF SYMBOLS 

a 

a 
1 

A 

b 

C 

C 

C 
P 
- 
C 
P 
- 
C 
Pa 

c *  
Pa 

- 

major  axis of elliptic  cross  section  of  parabolic-arc 
bod  ies 

local  radius of body of wing-body  combination 

aspect  ratio 

minor  axis of elliptic  cross  section  of  parabolic-arc 
bodies 

wing  chord 

Euler's  constant 

pressure  coefficient, (p - p,) /? p,uz 1 

similarity  form  of  pressure  coefficient, eq. (3) 

similarity  pressure  coefficient  immediately ahead  of 
trailing-edge  shock  on  two-dimensional  airfoil 

limiting  value  for C for  which  flow is  exactly 
- 

Pa 
sonic  immediately  downstream  of a shock  wave  attached 
to the  trailing  edge  of a two-dimensional  airfoil, 
eq. (100) 

- 
limiting  value €or C for  which  the  oblique  shock 

Pa 
at  the trailing  edge of a two-dimensional  airfoil  is 
able  to  turn  the  flow  through  the  required  angle  for 
the  shock to remain  attached, eq. (99) 

similarity  pressure  coefficient  immediately  behind 
trailing-edge  shock  on  two-dimensional  airfoil 

value of C for  which  flow  behind  trailing-edge 
- 
P, 

shock on two-dimensional  airfoil  is  subsonic 
- 

value  of for  which  flow  behind  trailing-edge 
c?b 

shock  on  two-dimensional  airfoil  is  supersonic 

pressure  coefficient  associated  with  the  equivalent 
body of a thin,  elliptic,  cone-cylinder  wing, eq. (104) 

incompressible  pressure  coefficient, eq. (5) 

pressure  coefficient  associated  with a thin,  elliptic, 
cone-cylinder  wing, eq. (104) 
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(cP) w, a 

(cP) w, u 

D 

fH 

9-2 

g3 

G 

R J  

m 

Mm 

Mer, 1 
Mer, u 
n 

pressure  coefficient  associated  with  the  lower  surface 
of a  thin,  elliptic,  cone-cylinder  wing 

pressure  coefficient  associated with the  upper  surface 
of a  thin,  elliptic,  cone-cylinder  wing 

maximum  diameter  of  a  body  of  revolution 

quantity  defined by eq. (80) 

quantity  defined  by eq. (85) 

quantity  associated  with  calculation  of  axisymmetric 
flow  field, eq. (90) 

quantity  defined by eq. (58) 

quantity  associated  with  calculation of surface  pres- 
sures on nonlifting,  nonaxisymmetric,  parabolic-arc 
bodies, eq. (91) 

quantity  associated  with  calculation  of  surface  pres- 
sures on lifting,  nonaxisymmetric,  parabolic-arc 
bodies, eq. (92) 

quantity  associated  with  calculation  of  flow-field 
pressures  for  nonlifting,  nonaxisymmetric,  parabolic- 
arc bodies, eq. (93) 

quantity  defined  by eq. (72) 

quantity  defined by eq. (73) 

unit  vectors  parallel to the x, y, z axes 

body  length 

tangent  of  semiapex  angle  of  wing  planform 

free-stream  Mach  number 

lower  critical  Mach  number 

upper  critical  Mach  number 

exponent  describing  airfoil  or  body  ordinates and 
related to location  of  point  of  maximum  thickness, 
eqs. (71, (91, (771, (79 )  

direction  cosines  with  respect to x, y, z axes 
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PC0 

AP 

s, 

r 

R 

Reb 

S 

S 

t 

U’ v, w 

Ua, wa 

Ub’ Wb 

u v w  B y  B’ B 

U2,t’ V 2,ty 2,t W 

free-stream  pressure 

aerodynamic  loading 

free-stream  dynamic  pressure 

radial  distance  in  crossflow  plane, v m  
radius of body of revolution 

radius of equivalent  body  of  revolution 

semispan of wing 

area  distribution of body of revolution 

maximum  thickness of thin  cone-cylinder 

perturbation  velocity  components  parallel to the 
x, y, z axes,  respectively 

perturbation  velocity  components  immediately  upstream 
of trailing-edge  shock  on  two-dimensional  airfoil 

perturbation  velocity  components  immediately  downstream 
of  trailing-edge  shock  on  two-dimensional  airfoil 

perturbation  velocity  components  associated  with 
solution  for  transonic  flow  about  equivalent  body of 
revolution 

perturbation  velocity  components  associated  with  two- 
dimensional  incompressible  solution of expansion  or 
contraction  of  equivalent  cross  section in crossflow 
plane 

perturbation  velocity  components  associated  with  two- 
dimensional  incompressible  solution  of  expanding  or 
contracting  cross  section  in  crossflow  plane 

perturbation  velocity  components  associated with two- 
dimensional  incompressible  solution of translating 
cross  section  in  crossflow  plane 

free-stream  velocity 

total  velocity  vector 

quantity  defined by equation (81) 

quantity  defined  by  equation (86) 
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W 
=,a  

x, Y, 

X m 

X 
S 

X* 

complex  potential  describing  two-dimensional  incom- 
pressible flow about  expanding  or  contracting  cross 
section in crossflow  plane 

complex  potential  describing  two-dimensional  incom- 
pressible  flow  about  translating  cross  section  in 
crossflow  plane 

body-fixed  Cartesian  coordinate  system  with  x  axis 
directed  rearward  and  aligned with  longitudinal  axis 
of body, y axis  directed to the  right  facing  forward, 
and z axis  directed  vertically  upward 

location  of  minimum  of  incompressible  pressure 
coefficient,  C 

Pi 

location of point  closest to origin  where  S"(x) = 0 

location Of sonic  point on two-dimensional  airfoil, 
eq. ( 1 2 )  

dummy  variable 

angle of attack 

ratio  of  specific  heats 

polar  angle  in  crossflow  plane 

ratio  of  major to minor  axes  of  elliptic  cross  section, 
a/b 

quantity  defined  by  equation (84) 

quantity  defined  by  equation (89) 

quantity  defined  by  equation (70) 

quantity  defined by equation (71) 

dummy  variable 

similarity  parameter  for  two-dimensional  transonic 

free-stream  density 

complex  variable in crossflow  plane,  y + iz 
thickness  ratio 
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perturbation  velocity  potential 

perturbation  velocity  potential  associated  with  tran- 
sonic  flow  about  equivalent  body of revolution 

perturbation  velocity  potential  associated  with  two- 
dimensional  incompressible  solutions to translation 
and  growth  of  cross  section  in  crossflow  plane 

perturbation  velocity  potential  associated  with  two- 
dimensional  incompressible  solution  for  expansion  or 
contraction  of  equivalent  cross  section in crossflow 
plane 

perturbation  velocity  potential  associated  with  two- 
dimensional incompressible  solution  for  expansion  or 
contraction of  cross  section  in  crossflow  plane 

perturbation  velocity  potential  associated  with  two- 
dimensional  incompressible  solution  for  translation 
of  cross  section in crossflow  plane 

total  velocity  potential 

cone  semiapex  angle 

$2 , B  

%,t 

@2 ,a 

THEORETICAL  BASIS OF ANALYSIS 

Methods  Available 

Of  the  methods  currently  available  for  obtaining  solutions  of  tran- 
sonic  flows  (ref. 1) only  two  were  considered  appropriate in  view  of  the 
ultimate  goal of this  study.  These  are  the  integral  equation  method 
(refs. 11  through 18) and  the  method  of  local  linearization  (refs. 7 ,  19, 
and 20). Both  of  these  methods  are  notable  for  their  success in  providing 
approximate  solutions  of  good  quality  of  the  small  disturbance  equation 
for  inviscid  transonic  flow, 

where M, is  the  free-stream  Mach 
y the  ratio  of  specific  heats, $I 
tial, and the  coordinate  system  is 
of  the  free  stream  or,  in  the  case 

number, Urn the  free-stream  velocity, 
the  perturbation  velocity  poten- 
such  that  x  is  either  in  the  direction 
of  lifting  flows,  aligned  with  the 

longitudinal  axis  of  the  body. This equation  differs  from  the  well-known 
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Prandt l -Glauer t   equa t ion   of   l inear ized   theory   on ly   by   the   re ten t ion   of   the  

t e r m  on the r igh t -hand  s ide ;   th i s  t e r m ,  however, h a s   t h e   e f f e c t   o f  making 
the   equat ion   bo th   nonl inear  and of mixed  type. It has  been amply demon- 

s t r a t e d   ( r e f s .  2 1  through  24)   that  a s i g n i f i c a n t  body  of  transonic  f low 

problems  can be adequa te ly   t r ea t ed   w i th in   t he  framework  of t he   t heo ry  

represented   by   th i s   equa t ion .  An impor tan t   addi t iona l   fea ture   o f   equa-  

t i o n  (1) i s  t h a t  it is  a p p l i c a b l e   n o t   o n l y   t o   t r a n s o n i c   f l o w s ,   b u t   t o  
subsonic and supersonic  f lows  as  well .   Consequently,  it provides  a b a s i s  

f o r  a un i f i ed   f l ow  theo ry   fo r  Mach rnunbers from 0 up t o   t h a t  Mach number 

( a t   l e a s t  2 o r  3 )  a t  which   nonl inear   hypersonic   e f fec ts  become s i g n i f i c a n t  

and must be taken   in to   account .  

w i t h   r e g a r d   t o   t h e   i n t e g r a l   e q u a t i o n  method, i t s  t h e o r e t i c a l   b a s i s  

stems from a non l inea r   i n t eg ra l   equa t ion   de r ived  from  equation (1) by 
appl icat ion  of   Green 's   theorem. The  method i s  s u c h   t h a t   f o r  a body  of 

spec i f i ed   shape   t he   ana lys i s   p roceeds   d i r ec t ly   t o   t he   so lu t ion   ( a s   opposed  
t o   t h e  hodograph  method)  from i n i t i a l   a n a l y t i c a l   s t e p s   t h r o u g h  a combina- 

t i o n  of numerical and i te ra t ive   p rocedures .   Al though  the  method i s  

p o t e n t i a l l y  more v e r s a t i l e ,  it has   been   appl ied   p r imar i ly   to   p lanar   f low 

p a s t   n o n l i f t i n g  syrmnetric a i r fo i l s   w i th   sha rp   l ead ing   edges  and f o r   f r e e -  

stream Mach numbers less than  uni ty .   Development   of   this  method t o   h a n d l e  
a l i f t i n g ,  wing-body  combination would r e q u i r e   t h r e e   d i f f i c u l t   s t e p s :  

(a )   ex tens ion   of   the   two-dimens iona l   resu l t s   for   a i r fo i l s   to   wings  of 

f i n i t e   a s p e c t   r a t i o ,  (b) in t roduc t ion  of angle of a t t ack ,  and (c)  i n t r o -  

duc t ion   of   the   body  of   the  wing-body  combination. 

On t h e   o t h e r   h a n d ,   t h e   l o c a l   l i n e a r i z a t i o n  method  which has  grown 

out   o f   the   parabol ic  method of  Oswatitsch and  Keune ( r e f .  2 5 )  has  been 

developed   for   p lanar   f low  pas t   th in ,   nonl i f t ing ,   symmetr ic   a i r fo i l s  
( r e f .   19 )  and axisymmetr ic   f low  past   s lender   bodies   of   revolut ion  ( ref .  7 )  

for   f ree-s t ream Mach numbers i n   t h e   r a n g e s  M, = 1, M, < M C r , j ,  and 

, u 1. Mm (where MCr,  and Mcr ,u  are   the  lower and u p p e r   c r i t i c a l  
Mach numbers  bounding  the  transonic  range).  I t  has   a l so   been   ex tended   to  

flows  with M, = 1 pas t   non l i f t i ng   w ings   o f   f i n i t e   span   hav ing   s imple  

planform and a i r fo i l   shapes   ( r e f .   20 ) .   Thus ,  it is  t h e  most v e r s a t i l e   o f  
a l l   t h e o r e t i c a l  methods cur ren t ly   ava i lab le   for   p red ic t ing   the   aerodynamic  
proper t ies   o f   th in   wings  and s l ende r   bod ie s   i n   t he   t r anson ic   r eg ime .  I n  
a d d i t i o n ,   t h i s  method has  consistently  demonstrated  accuracy  comparable 
wi th   t he  best t h e o r e t i c a l  and expe r imen ta l   r e su l t s   ava i l ab le .  
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An impor tan t   addi t iona l   cons idera t ion  i s  t h e   p o s s i b i l i t y   o f   f u r t h e r  

e x t e n d i n g   t h i s  method by   genera l iz ing  the ana lys i s  t o  include  shock  waves. 
It appears   poss ib le  that  the local  l i n e a r i z a t i o n  method may be advanced i n  
t h i s   d i r e c t i o n   a s  w e l l  as o the r s   w i thou t  becoming a n a l y t i c a l l y  cumbersome. 
Accord ing ly ,   t h i s  method has  been s e l e c t e d  for fur ther   s tudy   as   ho ld ing  
the   g rea t e s t   p romise   fo r   success fu l   app l i ca t ion   t o   t h ree -d imens iona l  
t r anson ic   f l ows   abou t   l i f t i ng  wing-body combinations. 

Two-Dimensional F l o w s  

The appl ica t ion   of  the l o c a l   l i n e a r i z a t i o n  method t o  two-dimensional 
f l o w   p a s t   t h i n ,   n o n l i f t i n g   a i r f o i l s  is c a r r i e d   o u t   i n   d e t a i l   i n   r e f e r e n c e   1 9 .  
Because fo r   p l ana r   t r anson ic   f l ows ,   t he   s imi l a r i t y   ru l e s   fo r   r e l a t ing   f l ows  
a b o u t   f a m i l i e s   o f   a f f i n e l y   r e l a t e d   p r o f i l e s   a r e   e x a c t   w i t h i n   t h e  framework 
of t ransonic   small-dis turbance  theory,  it is  both  concise  and convenient 
t o   p r e s e n t  
s i m i l a r i t y  

r e su l t s   fo r   t hese   c l a s ses   o f   f l ows   i n  terms of t h e   t r a n s o n i c  
parameter 

and the s i m i l a r i t y  form of the p r e s s u r e   c o e f f i c i e n t  

where r r e p r e s e n t s   t h e   t h i c k n e s s   r a t i o .  

Once r e s u l t s   a r e   c a l c u l a t e d   i n  terms of these  reduced  var iables ,  it 
is a simple m a t t e r   t o   c o n v e r t  them f o r  a s p e c i f i c   a i r f o i l   t o   r e s u l t s   i n  
terms of phys i ca l   va r i ab le s  and parameters  by means of  equation ( 3 )  

where C = -2QX/Uw. 
P 

Surface   p ressure   d i s t r ibu t ions . -   For   nonl i f t ing ,   pure ly   subsonic   f lows ,  
t h e   l o c a l   l i n e a r i z a t i o n  method p r o v i d e s   t h e   r e s u l t   t h a t   t h e   s u r f a c e   p r e s s u r e  
d i s t r i b u t i o n  i s  given  by 



where C i s  the well-known incompress ib l e   p re s su re   coe f f i c i en t  
P i  

s i g n i f i e s   t h e  Cauchy p r i n c i p a l ,  and dZ/dc r ep resen t s   t he   s lope   o f  
t h e   a i r f o i l   u p p e r   s u r f a c e .  The two-dimensional  shapes  considered  herein 

a re   t hose   t e s t ed   i n   r e f e rence  2 7 .  These p r o f i l e s   a r e  members of t h e  

f ami ly   o f   a i r fo i l s   hav ing   o rd ina te s  Z given  by 

or 

z T n  n/ (n-1) 
c 2 ( n  - 1) 
” - [I - - (1 - 3)”] 

L m ax 

f o r  n = cons tan t  2 2 .  

For  purely  supersonic €I .ows ,  t h e   s u r f a c e   p r e s s u r e   d i s t r i b u t i o n  

a c c o r d i n g   t o   l o c a l   l i n e a r i z a t i o n   t h e o r y  i s  

whi le   the   cor responding   resu l t   fo r   acce le ra t ing   t ransonic  f l o w s  with 
M, = 1 is  

10 



I 

where x* is t h e   p o i n t   a t  which 

d d (Z/T) /dE 
dx de = 0 

0 

C r i t i c a l  Mach numbers.- The lower and u p p e r   c r i t i c a l  Mach numbers a r e  
de f ined ,   r e spec t ive ly ,   a s   t he  lowest subsonic Mach number and t h e   h i g h e s t  
supersonic  Mach number a t  which  sonic   veloci ty   occurs  on the   su r f ace   o f  
t h e  body.  For a g iven   a i r fo i l   in   subsonic   f low,   as   the   f ree-s t ream Mach 
number is i n c r e a s e d ,   s o n i c   v e l o c i t y   f i r s t   o c c u r s  on t h e  body a t   t h e   p o i n t  
of  m i n i m u m  pressure  and a t   t h a t   f r e e - s t r e a m  Mach number a t  which 

Thus , a t  M, = MCr, equat ion (4)  provides  

where x i s  t h e   p o i n t   a t  which m 

This   y i e lds   t he   fo l lowing   equa t ion   t o  be so lved   for  M c r , d :  

For a given  sharp-nosed  a i r foi l ,   as   the  f ree-s t ream Mach number M, 

i nc reases  beyond  one,  the bow shock wave t h a t  i s  formed  ahead  of t h e  
a i r f o i l   n o s e  moves s teadi ly   toward   a t tachment   to  it and the  region  of  
subsonic  f low  surrounding  the  nose  continuously  diminishes  in  size.  The 
u p p e r   c r i t i c a l  Mach number i s  a t t a i n e d  when the  region  of   subsonic   f low 
f i r s t   d i sappea r s .   Accord ing   t o   t he  method of l o c a l   l i n e a r i z a t i o n ,   t h i s  
occurs  when the   quant i ty   vanishes ,   where  
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and the  upper  and lower  s igns are t o  be a p p l i e d   t o   t h e   u p p e r  and lower 

su r faces ,   r e spec t ive ly .   Thus ,   fo r   t he   uppe r   su r f ace   o f   t he   a i r fo i l ,   t he  

l o c a t i o n   a t  which $ would f i r s t   v a n i s h  i s  a t   t h e   p o i n t   o f   l a r g e s t  

pos i t ive   s lope ,   whereas  on the   lower   sur face  it would b e   a t   t h e   p o i n t   o f  

la rges t   nega t ive   s lope .   For   symmetr ic   a i r fo i l s ,   these   po in ts   co inc ide ,  

and i n   p a r t i c u l a r ,   f o r   t h e   a i r f o i l s   c o n s i d e r e d   h e r e i n ,   t h i s   l o c a t i o n  i s  a t  

the  nose.  From equat ion ( l o ) ,  t h i s   i m p l i e s   t h a t  

4 ,  I 3/2 - ; $($)I = 0 
c r , u  x= 0 

which  provides  the  following  equation  for , u: 

Three-Dimensional  Flows 

The analysis   presented  for   the  three-dimensional   f lows  considered 

is expressed i n  terms of a body-fixed  Cartesian  coordinate  system  centered 

a t   t h e  nose  with  the x ax is   d i rec ted   rearward  and a l igned   wi th   the  
longi tudinal   axis   of   the   body,   the y a x i s   d i r e c t e d   t o   t h e   r i g h t   f a c i n g  

forward, and t h e  z a x i s   d i r e c t e d   v e r t i c a l l y  upward so t h a t   t h e  x-z 
plane i s  a plane  of  symmetry  of  the  body - f o r  example,  perpendicular t o  
the  plane  of   the  wing  of  a wing-body combination. The free-s t ream  direc-  
t i o n  may be inc l ined  a smal.1 a n g l e   t o   t h e  x ax i s ,   a l t hough   a t t en t ion  i s  

confined t o  c a s e s   i n  which it i s  i n  t h e  x-z p l ane ,   i . e . ,  no s i d e s l i p .  

With  the  fundamental   assumption  of  inviscid  small   disturbance  f low  theory 

t h a t   t h e   f l o w  is i r r o t a t i o n , a l  and i s e n t r o p i c  so t h a t   t h e   v e l o c i t y  y a t  
any point   can be obtained  as   the  gradient   of  a p o t e n t i a l  @, it i s  poss ib l e  

t o   d e f i n e  a p e r t u r b a t i o n   v e l o c i t y   p o t e n t i a l  @ r e l a t e d   t o  @ according 

t o   ( s e e   r e f  .. 6) 

where Urn r ep resen t s   t he   f r ee - s t r eam  ve loc i ty ,  and a the   angle   of  

a t t ack .   A l though   t he   gove rn ing   pa r t i a l   d i f f e ren t i a l   equa t ion   fo r  @ has  

1 2  



been   wr i t t en  i n  s e v e r a l   s l i g h t l y   d i f f e r e n t  forms in   t r anson ic   f l ow  s tud ie s ,  
w e  u s e   t h e  form g iven   i n   equa t ion  (1) f o r   t h e   r e a s o n s   f i r s t   p u t   f o r w a r d  
i n   r e f e r e n c e  27 and confirmed in   subsequent   s tud ies .  As i n d i c a t e d   i n  
r e fe rence  6, this equat ion  appl ies   whether   the  coordinate   system is  al igned 
wi th   t he  x a x i s   p a r a l l e l   t o   t h e   d i r e c t i o n   o f   t h e   f r e e   s t r e a m ,   a s   i n  
most d e r i v a t i o n s   ( r e f .  2 8 ) ,  o r   i n c l i n e d  a sma l l   ang le   t o  it as  i n  t h e  
p r e s e n t   a p p l i c a t i o n s   t o   l i f t i n g   c o n f i g u r a t i o n s .  The expres s ion   fo r   t he  

p r e s s u r e   c o e f f i c i e n t  C = (p  - pm)/  (p,UE/2) is  not   invar ian t   wi th  
respect   to   small   rotat ions  of   the   coordinate   system,  however ,  and i s  a s  
follows ( re f .  6) in   the  coordinate   system  descr ibed  above 

P 

The boundary   condi t ions   requi re   tha t  = i U, + k aU, i n f i n i t e l y   f a r  
from the  body,  where , J, and k a r e   u n i t   v e c t o r s   p a r a l l e l   t o   t h e  x, 
y,  and z axes, and t h a t   t h e   v e l o c i t y  component V n  normal t o   t h e  body 
su r face  be z e r o   a t   t h e  body. The boundary  condi t ions  for  Q may thus   be  
wr i t ten   as   fo l lows   for   s lender   bodies   o r   th in   wings   having   smal l  n, ( r e f .  6 ) :  

9 4  A 

Q(m)  = 0 7 
= 0 (on  the  body) J 

where n = i n1 + J n2 + k n3 is  the   un i t   no rma l   t o   t he   su r f ace ,  and n,, 
n2,  and n3 a r e   t h e   d i r e c t i o n   c o s i n e s   o f  n w i t h   r e s p e c t   t o   t h e   x ,   y ,  

and z axes ,   respec t ive ly .  

A 0 A 

Axisymmetric  Flows 

App l i ca t ion   o f   t he   l oca l   l i nea r i za t ion  method t o  axisymmetric  flows 
about   s lender   bodies   of   revolut ion  has   been  carr ied  out  and i s  g iven   in  

d e t a i l   i n   r e f e r e n c e  7.  B e c a u s e   t h e   s i m i l a r i t y   r u l e s   f o r   r e l a t i n g   s u r -  
f ace   p re s su res   on   f ami l i e s   o f   a f f ine   bod ie s   o f   r evo lu t ion   a r e   no t   exac t  
wi th in  the framework  of the   smal l   d i s turbance   theory   for   t ransonic   f low,  
i n   c o n t r a s t   t o   t h e   s i t u a t i o n   f o r   a i r f o i l s  and wings   o f   f in i te   span ,  it 
i s  c o n v e n i e n t   i n   t h i s   i n s t a n c e   t o   c a l c u l a t e   f l o w   p r o p e r t i e s   i n  terms of 
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the  o r d i n a r y   p r e s s u r e   c o e f f i c i e n t  C and the p e r t u r b a t i o n   v e l o c i t y  

component  u. 
P 

Surface  pressure  dis . t r , ibut ipn.s .  - The l o c a l   l i n e a r i z a t i o n  method pro- 
v ides  the fo l lowing   r e su l t s   €o r  t he  p e r t u r b a t i o n   v e l o c i t y  component u/U, 
on   t he  body  surface.   For  purely  subsonic  f lows 

-._I ~ 

&(e) = 47 I n  (1 - M: - ku) 

for   pure ly   supersonic   f lows  

r X 1 

and fo r  acce le ra t ing   t r anson ic   f l ows  w i t h  Mw =: 1 

where k in   equat ions  (23)  and (24) is e q u a l   t o  M z  ( y  + 1) /uw, c i n  

equat ion  (25)  i s  Eu le r ' s   cons t an t  =: 0.5772, S (x) r e p r e s e n t s   t h e   a r e a  

d i s t r i b u t i o n ,  and primes i n d i c a t e   d i f f e r e n t i a t i o n  w i t h  r e s p e c t   t o   t h e  

appropr ia te   var iab le .  

For   genera l   bodies ,   c losed   form  so lu t ions   ana logous   to   equa t ions  ( 4 ) ,  

(10)  , and (11) fo r   p l ana r   f l ow  canno t  be found  and recourse  must be had 
t o  numer ica l   in tegra t ion .  However, equat ions  (23)  , (24) , and (25)   are   of  

the genera l  form 

14 



" du - F(x ,u)  
dx 

S O  

be 

of 

tha t   s tandard   numer ica l   t echniques   can  be applied.  For a l l   b o d i e s  t o  
cons idered   here in ,  the i n t e g r a t i o n  i s  begun a t   t h e   p o s i t i v e   r o o t ,   x s ,  
the equat ion  

t h a t  i s  c l o s e s t   t o  the o r i g i n .  

The values   of  u/Um a t   t h i s   p o i n t   t h a t   a r e   n e c e s s a r y  t o  s t a r t   t h e  
in t eg ra t ion   a r e   fo r   subson ic   f l ow  ( eq .  ( 2 3 )  ) 

" -1 / -. S"(X) - - S "  (E) at 
UW 41r Ix - 41 

0 

S "  (x) = 0 

S "  (x)  = 0 

1 - M: 
MZ(y + 1) 

" 
U 
" de a t  S"  (x) = 0 

4n- x -  F, ( 3 0 )  

0 

The boundary  conditions ( 2 8 )  and ( 2 9 )  a r e  s u f f i c i e n t   t o   d e t e r m i n e  a 
unique   so lu t ion   for   the   cases  of pure ly   subsonic   o r   pure ly   supersonic  
f low,   respec t ive ly ,   bu t   addi t iona l   cons idera t ions   a re   necessary   for  
acce lera t ing   t ransonic   f lows .  T h i s  i s  so b e c a u s e   t h e   d i f f e r e n t i a l  

equat ion ( 2 5 )  i s  s i n g u l a r   a t   t h e   p o i n t  xs where S"  (x) vanishes.  
Consequent ly ,   there   ex is t  an i n f i n i t e  number of  integral   curves  which 
pass   th rough  tha t   po in t   sa t i s fy ing   the   boundary   condi t ion  ( 3 0 ) .  Of a l l  
these curves,  however,  only  one i s  a n a l y t i c   ( a l l .   d e r i v i t i v e s   f i n i t e )  and 
se l ec t ion   o f  it s u f f i c e s  t o  determine a unique   so lu t ion   tha t  is  i n  good 
agreement w i t h  experimental   data .   This   choice  assures   that   the   solut ion 
f o r  u/U, can be expanded i n  a Taylor   ser ies   in   the  neighborhood  of   the 
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p o i n t  where S l ' ( x )  vanishes .  The remainder of the   so lu t ion   can   t hen  be 

determined  by  appl icat ion  of   s tandard  numerical   techniques.  

C r i t i c a l  Mach numbers.- The l o w e r   c r i t i c a l  Mach number f o r   s l e n d e r  

axisymmetric  bodies i s  found i n  a manner somewhat s i m i l a r   t o   t h a t  used 
f o r  two-dimensional   f lows  over   thin  a i r foi ls .  For a given  body  of  revo- 

l u t i o n ,   t h e   l o w e r   c r i t i c a l  Mach number i s  the  lowest   subsonic   f ree-s t ream 

Mach number a t  which s o n i c   v e l o c i t y   o c c u r s   a t   t h e   p o i n t  on t h e  body  where 

u/u, = (U/U,) max. T h i s   o c c u r s   a t   t h a t   f r e e - s t r e a m  Mach number which 
s a t i s f i e s   t h e   r e l a t i o n  

I t  i s  n o t   p o s s i b l e   t o   g i v e  a more explicit   formula,   however,   because 

(u/Um)  max and M, a r e   r e l a t e d  t o  e a c h - o t h e r   t h r o u g h   t h e   d i f f e r e n t i a l  
equat ion   (23)   ra ther   than  an i n t e g r a l   r e l a t i o n s h i p   s u c h   a s   ( 1 4 )   i n   t h e  
two-dimensional  case.  Thus, it i s  n e c e s s a r y   t o   c a r r y   o u t  a combination 

of   numer ica l   in tegra t ions   o f   tha t   equa t ion  and i t e r a t i o n s  on t h e   f r e e -  

stream Mach number in   o rde r   t o   de t e rmine  Mcr, J .  Correspondingly,  the 

upper c r i t i c a l  Mach number is o b t a i n e d   a t   t h e   h i g h e s t   s u p e r s o n i c   f r e e -  

stream Mach number such   t ha t   fo r   t he   c l a s s   o f   shapes   cons ide red   he re in  

s o n i c   v e l o c i t y  i s  obta ined   a t   the   nose .  A t  t h i s   p o i n t ,  Mcr,U = M, and 

M* c r , u  - 1 + M Z r , u ( ~  + 1) ($-)I = 0 

Ix= 0 

Again, a more e x p l i c i t   r e l a t i o n   c a n n o t  be g iven ,   as  M, and (u/Uo3) I X = ,  
a r e   r e l a t e d   t h r o u g h   t h e   d i f f e r e n t i a l   e q u a t i o n   ( 2 4 )  and a numerical   inte- 

gra t ion   of   tha t   equa t ion   toge ther   wi th   an   i t e ra t ion   p rocedure  on M, 

i s  n e c e s s a r y   i n   o r d e r   t o   o b t a i n  Mer, us 

Transonic  Equivalence  Rule 

The t r anson ic   equ iva lence   ru l e   p rov ides  a powerful   tool   for   reducing 

a complex t r anson ic   f l ow  to  a sum of s imple r   cons t i t uen t   f l ows   t ha t   a r e  

more amenable t o   a n a l y s i s .  The r u l e   r e l a t e s   t h e   t r a n s o n i c   f l o w  around a 
s l ende r  body  of a r b i t r a r y   c r o s s   s e c t i o n   t o   t h e   f l o w  around  an "equiva len t"  
n o n l i f t i n g  body  of   revolut ion  having  the same l o n g i t u d i n a l   d i s t r i b u t i o n  
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of cross  sectional  area S(x). First stated  by  Oswatitsch  (ref.  29)  for 
transonic  flow  past  thin  nonlifting  wings,  it was extended  to  lifting 
wings  by  Spreiter (ref.  21)  and to  slender  wing-body  combinations of 
arbitrary  cross  section  by  Heaslet  and  Spreiter  (ref. 6). This  rule  is 
obviously  closely  associated  with  the  transonic  area  rule of Whitcomb 
(ref, 30) relating  to  drag,  but  pertains in  addition to  the  properties of 
the  flow  field,  such  as  the  velocity and  pressure , that  are  derivable  from 
a knowledge of the  potential.  It  is  also  closely  related  to  one  of  the 
simplest  results  of  slender-body  theory  of  subsonic and  supersonic,  as 
well as transonic,  flow,  which  states  that  the  expression  for @ in the 
vicinity  of a slender  body  of  arbitrary  cross  section  is  approximately  of 
the  form 

where G2 is  the solution  of  Laplace's  equation 

@yy + @ z z  = o  (34) 

€or  the  given  boundary  conditions  in  the  y-z  plane  at  each x station, 
and  g(x)  is  an  additional  contribution  dependent  upon M, and S ( x )  

but  not  on  the  shape of the  cross  section.  Consequently,  it is possible 
to  determine  g(x)  from  the  simpler  problem  of  axisymmetric  flow  past 
the  equivalent  body.  Aside  from  the  significant  reductions  of  the  tran- 
sonic  drag  rise  achieved  by  application  of Whitcomb's area rule,  the 
opportunities  for  advance  provided  by  the  transonic  equivalence  rule  have 
never  been  fully  exploited.  This  was  primarily  because  methods  were  not 
available  for  solving  the  axisymmetric  flow  problems  until  several years 
after  the  equivalence  rule was discovered;  by  then  interest had  declined 
to  such a low  level  that  few  applications  were  made. 

The  equivalence  rule  is  described  mathematically  by 

where @2,a' %,t' and '2 ,B are  solutions  of  the  two-dimensional  Laplace 
equation  as  indicated  in  figure  1.  Thus, is  the  two-dimensional 
incompressible-flow  solution  for  translation  of  the  cross  section and 

'2 ,a 

$2 ,t is  the  corresponding  solution  €or  growth  of  the  cross  section. 
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The  term O,,, represents the  two-dimensional  incompressible-flow 
solution  for  the  growth  of a body  of  revolution having the  same  cross 
sectional  area as the  original  body.  The  subtraction  of  this  term  in 
equation  (35) has the  effect  of  cancelling  the  logarithmic  growth  of 

@2,t at  large  lateral  distances  from  the  body  axis.  Finally, QB repre- 
sents  the  three-dimensional  solution  of  the  full  transonic  equation (1). 
The  above  description  for  follows  immediately  from  equation  (33) by 
writing  that  equation  once  for  the  body  of  arbitrary  cross  section and  once 
for  the  equivalent body, and then  subtracting  the  results.  The  order  of 
error  in  equation  (35) has been  established  (ref. 2) for  thin  wings  of 
aspect  ratio A, chord c, and thickness  ratio T. It  was  found  that  the 
magnitude  of  the  quantity @/U,c retained  in  the  equivalence  rule  is 
O ( A T  In A), whereas  that  of  the  quantities  discarded in  the  derivation 
for M, = 1 is O ( A 4 , r 2  In A ) .  Since  the  magnitude  of the  quantities 
discarded in the  derivation  of  the  corresponding  result in  linearized 
subsonic and supersonic  flow  past  slender  bodies  is O(A3- r  In A ) ,  it 
follows  that  the  equivalence  rule  ought to be applicable to wings of 
greater  aspect  ratio at Mm = 1 than at  any other  Mach  number. 

Once  the  appropriate  expression  has  been  constructed  €or @, the 
pressure  distribution  on  or  near  the  surface  of  slender  bodies  may be 
determined  by  use  of  the  expression  for C given in equation (21). 
The  results  may,  in turn, be integrated  to  obtain  expressions  or  values 
for  the  total  forces,  including  lift, drag, and moments  on  slender  bodies 
or wing-body  combinations  of  arbitrary  cross  section.  Since  the  aero- 
dynamic  loading,  lift, and  all lateral  forces and moments  may be expressed 
in terms  of  differences in  pressure  between  pairs  of  points  at  the  same 
longitudinal  station,  these  quantities  depend  solely  on G 2  and  are 
therefore  independent  of M,. In  particular,  we  note,  as  discussed  more 
than  two  decades  ago  (refs. 31, 32) and previous to the  discovery of 
the  transonic  equivalence  rule,  that  these  quantities  may be calculated 
quite  adequately  by  linearized  slender-body  theory  even  though Mm may 
be unity. 

P 

One  of  the  more  important  objectives  of  this  investigation  is  to 
provide a systematic  evaluation  of  the  effectiveness of the  transonic 
equivalence  rule. Two basic  tests  exist  for  doing  this.  They  involve 
study  of  the  capability  of  the  equivalence  rule  (a) to account  for 
changes  in  flow  properties on the  surface of slender  bodies  due to 



moderate  nonaxisymmetric  effects of body  shape and lift and  (b) to 
predict  transonic  flow-field  properties  at  field  points  removed by 
moderate  lateral  distances  from  the  body  surface. 

Surface  pressure  djstributions - nonlifting  bodies.- To study  the 
effects of body  shape  on  the  flow  properties  at  the  surface  of  slender 
bodies, we have considered  the  nonlifting  parabolic-arc  bodies  having 
elliptical  cross  sections  studied  experimentally  in  reference 8. The 
expression  for  the  velocity  potential GZyt required to describe  the 
expanding and contracting of the  elliptic  cross  sections  shown  in  the 
figure below 

“Y 

while  retaining a constant  ratio ?, = a/b of major to minor  axis  is 
known (ref. 33) and given  by  the  relation 

where W is the  complex  potential, R . P .  signifies  the  real  part of a 
complex  function, a is  the  complex  variable  in  the  crossflow  plane 

2,t 

a = y + i z  (37) 

and S’(x) is  the  first  derivative  of  the  cross  sectional  area 

The  velocity  components  associated  with  this  flow  are 
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In t roduct ion   of   equa t ion  (36) i n to   equa t ions   (39 )  and (40)   provides   the 
f o l l o w i n g   r e s u l t s   f o r   t h e s e   q u a n t i t i e s   a t   p o i n t s  on the  body  surface:  

urns (x)  
U - - ( h  + 1 ) 2  S ( x )  

2, '  I s u r f ace  4T In [ 4 T h  3 

T T  I 

cos2 e - s in2  e 
cos2 e + h4 s i n 2  e 1 

where Reb r e p r e s e n t s   t h e   r a d i u s  of t he   equ iva len t  body  of  revolution. 

The corresponding  expressions  for  
@2 , B  a r e  found by s e t t i n g  A = 1 

i n   t h e  above  formulas.  Thus, 

The ve loc i ty   pe r tu rba t ion  % = ( @ B ) x  associated  with  the  three-dimensional  

so lu t ion   for   f low  about   the   equiva len t  body  of  revolution i s ,  of  course,  
obtained  through  equation (23), (241, O r  ( 2 5 1 ,  depending upon t h e  Mach 
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number regime, w h i l e  the l a t e r a l   v e l o c i t i e s   a r e   o b t a i n e d  from the s lender -  
body  approximation t o  the boundary   condi t ion   for   th i s  problem, i.e.,  

Thus , a t   t h e   s u r f a c e  

- (z) dReb 
r I su r face  

- (49) 

The p r e s s u r e   c o e f f i c i e n t   f o r   p o i n t s  on t h e   s u r f a c e  of t h i s   c l a s s   o f  
shapes  can now be found  by   in t roducing   the   resu l t s  of equations  (41) 
through  (49)   into  equat ion ( 2 1 )  wi th  a = 0. W e  f ind . ,   a f te r  some 
s i m p l i f i c a t i o n ,  

- - In [ ( A  + 4 A  1 "1 
c~ lsur face   sur f   ace  2lr 

where u i s  found  from the   appropr i a t e   l oca l   l i nea r i za t ion   equa t ion   fo r  
axisymmetric  flow  about  the  equivalent  parabolic-arc  body  of  revolution. 

Su r face - . . p re s su re   d i s t r ibu t ions  - l i f t i n g   b o d i e s .  - The l i f t i n g   t r a n -  

B 

sonic  f lows  considered  involve the same bodies  mentioned  above  but now 
inc l ined  t o  the   f r ee   s t r eam  a t   sma l l   ang le s   o f   a t t ack .  The two-dimensional 
p o t e n t i a l  
Uma,  of t h e   e l l i p t i c a l   c r o s s   s e c t i o n  is  (see r e f .  3 3 )  

." ~- 

@2 ,a requi red  t o  d e s c r i b e   t h e   f a l l i n g ,   a t  a c o n s t a n t   r a t e  

i a U m  
= R.P.  (W ) = R.P. {T [O - (02 - a2 + b2)  *" 

$2 ,a 2,a 

+ -  ( a  + b ) 2  

o + ( $  - a2 + b2)1'2 

2 1  



The v e l o c i t y  components a t   t h e  body  surface  are   found  by  operat ions 

analogous t o  those  used fo r  the  thickness  problem.  Thus,  

= a U m  - dReb A5/2 ( h  + 1) (cos2 6 + A2 s i n 2   s i n  
dx (cos2 e + h4 s in2  e )  

(52) 

Upon us ing   equat ion  ( 2 1 )  f o r   t h e   p r e s s u r e   c o e f f i c i e n t  and equat ions (36), 

( 4 4 ) ,  and (51) f o r   t h e   v a r i o u s   v e l o c i t y   p o t e n t i a l s ,   t h e   r e s u l t   f o r   t h e  

s u r f a c e   p r e s s u r e   c o e f f i c i e n t  on l i f t i ng 'pa rabo l i c -a rc   bod ie s   hav ing  

e l l i p t i c a l   c r o s s   s e c t i o n s  i s  

For a body  of r e v o l u t i o n ,   t h i s   r e d u c e s   t o  

U 
c = - 2 - -  

P u, 

which agrees   with  reference  34.  

2 2  
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Flow- f i e ld   p re s su re   d i s t r ibu t ions”  To provide a more complete t e s t  

of  the e f f e c t i v e n e s s   o f  the e q u i v a l e n c e   r u l e   f o r   p r e d i c t i n g   t r a n s o n i c  flow- 
f i e l d  properties, f lows  about both axisymmetric and nonaxisymmetric  shapes 
w e r e  considered. The axisymmetric  bodies  chosen  for  comparison  of  theory 
and d a t a  w e r e  t h o s e   t e s t e d   i n   r e f e r e n c e s  35 and 36 having  var ious  loca-  
t i o n s   o f  the  poin t   o f  maximum th ickness ,  w h i l e  the  nonaxisymmetric  shapes 
w e r e  the   parabol ic-arc   bodies  w i t h  e l l i p t i c a l   c r o s s   s e c t i o n s  mentioned 
previous ly   in   connec t ion  w i t h  su r f ace   p re s su re   d i s t r ibu t ions .   Unfo r tuna te ly ,  
f l ow- f i e ld   da t a   a r e   ava i l ab le   on ly   fo r   non l i f t i ng   f l ows   abou t   t hese   bod ie s  
so t h a t  no systematic  comparisons  can be made f o r  the important  case  of 
t h e   t r a n s o n i c   f l o w   f i e l d   a b o u t   l i f t i n g   b o d i e s .  

For  an a rb i t r a ry   non l i f t i ng   body ,  we  may w r i t e  a cco rd ing   t o  

equation  (35) 

where  from  equation  (33) 

Equation ( 5 7 )  i s  v a l i d   b o t h   a t   p o i n t s  on and in t h e   v i c i n i t y   o f   t h e  
s lender  body. If the   der iva t ive   o f   equa t ion  ( 5 7 )  i s  taken and t h e   r e s u l t  
a p p l i e d   t o  a n  a r b i t r a r y   p o i n t   i n   t h e   f l o w   f i e l d  and a l s o   t o  a po in t  on  the 

body surf   ace , we have 

‘x 1 f i e l d  
+ (-Q*,, + ‘DB) 

f i e l d  X f i e l d  

Subt rac t ing   equat ions  (59)  and (60)  and using  equat ion  (58)  , we have 

(61)  1 f i e l d   s u r f a c e  X f i e l d   s u r f a c e  

and  by using  equat ion ( 5 9 ) ,  

I f i e l d   f i e   I d  - ( G 2 , B ) x l  su r f ace  
+ (GB) 

X surf   ace 
( 6 2 )  

2 3  



or  equ iva len t ly ,  

urns I' (x) 

'x If i e ld  
- 

27r In Reb + "B I sur f   ace  

In t roduc t ion  of these expres s ions   i n to   equa t ion  ( 2 1 )  p r o v i d e s   t h e   r e s u l t  

t h a t   t h e   f l o w - f i e l d   p r e s s u r e   c o e f f i c i e n t   f o r   f l o w   a b o u t  a n o n l i f t i n g ,  
nonaxisymmetric  slender  body i s  

2 u 2 ,  t S" (x )  - 
+ T r  In Reb 

s u r f a c e   f i e l d  

For a body  of  revolution 

', so t h a t   t h e   p r e s s u r e   c o e f f i c i e n t   a t  a f i e l d   p o i n t   a t  a l a t e r a l   d i s t a n c e  

r from the body a x i s  i s  

F o r   t h e   p a r a b o l i c - a r c   b o d i e s   h a v i n g   e l l i p t i c   c r o s s   s e c t i o n ,  @2,t  i s  

g iven   in   equa t ion   (36)  . Upon i n t r o d u c i n g   t h a t   q u a n t i t y   i n   e q u a t i o n   ( 6 4 )  
we f i n d   t h a t   t h e   p r e s s u r e   c o e f f i c i e n t   a t  an a r b i t r a r y   p o i n t   r e  ie i n   t h e  
c ross f low  p lane  i s  

(eq. ( 6 7 )  cont.  on next  page) 
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COMPUTATIONAL ANALYSIS 

This   s ec t ion   fu rn i shes  a b r i e f   d e s c r i p t i o n   o f  the var ious  computa- 
t i o n a l  programs  developed i n   o r d e r  t o  provide  an  understanding of t h e  
b a s i c   l o g i c   a s  w e l l  a s  some o f   t h e   l i m i t a t i o n s   i n h e r e n t   i n  them. L i s t i n g s  
of a l l  programs are  given  in  Appendices A and B. 

Two-Dimensional  Flows 

A l l  of the two-dimensional  programs  developed  involve  the  class  of 
a i r f o i l s  whose o r d i n a t e s  and loca t ion   of   the   po in t   o f  maximum th ickness  
a re   descr ibed   by   equat ions  (6 )  through ( 9 ) ;  hence, the f i r s t   s t e p   i n  
each  of  these  programs  involves  the  calculation  of  the  exponent n 
a c c o r d i n g   t o   e i t h e r  of  equation ( 7 )  o r  ( 9 ) .  

Sur face   p ressures . -  The program  developed f o r   c a l c u l a t i n g   t h e   s u r f a c e  

pressure   d i s t r ibu t ion   for   pure ly   subsonic   f lows   then   ca lcu la tes   the  
incompress ib le   p ressure   coef f ic ien t  C defined  by  equation ( 5 )  . 
Because  of the s i n g u l a r i t y   a t   t h e   p o i n t  x = 4 ,  t h a t   p a r t i c u l a r  form  of 
t h e   r e l a t i o n  i s  inconvenient   for   numerical   purposes .  An a l t e r n a t i v e  form 
more sui ted  for   numerical   computat ion i s  found by   adding   to  and sub t r ac t ing  
from t h a t   e q u a t i o n   t h e  term 

P i  

Consequently, w e  have 
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where t h e  Cauchy p r i n c i p a l   v a l u e  of t h e   i n t e g r a l  i s  no  longer  required,  a s  

the   in tegrand  is now c o n t i n u o u s   a t   a l l   p o i n t s  i n  t h e   i n t e g r a t i o n   i n t e r v a l .  

The in tegra l   involved   in   equa t ion  (69 )  is  evaluated  by  using  Simpson's 

r u l e .  Thus, f o r  a g iven   a i r fo i l   o f   t he   c l a s s   desc r ibed   by   equa t ions  ( 6 )  

and ( 8 ) ,  the  computational  program  determines Cpi/-c from equation (69 )  

for   success ive   va lues  of  x a l o n g   t h e   a i r f o i l   s u r f a c e  and then  calcu- 
l a t e s   t h e   v a l u e s   o f  C and C from equat ions ( 4 )  and ( 3 ) ,  respective1.y. 
I f  the   va lue   o f   t he   quan t i ty  

- 

P P 

becomes n e g a t i v e   a t  some po in t   a long   t he   a i r fo i l   su r f ace ,   t hen   t he   f r ee -  

stream Mach number i s  g r e a t e r   t h a n   t h e   l o w e r   c r i t i c a l  Mach number; t h e  

f low  f i e ld  w i l l  possess  a region  of   supersonic   f low  that  may o r  may not 

be  terminated  by a shock wave and t h e  above  program  does  not  apply. 

The program f o r   c a l c u l a t i n g   t h e   s u r f a c e   p r e s s u r e   d i s t r i b u t i o n   f o r  

purely  supersonic   f low  involves   calculat ion of t h e   s l o p e   o f   t h e   p r o f i l e  
from e i the r   o f   equa t ions  ( 6 )  o r  (8)  and the  values   of  C and C from 
equat ions ( 1 0 )  and ( 3 ) ,  r e s p e c t i v e l y .   I f   t h e   q u a n t i t y  

- 
P P 

fb = 4 ,  3 / 2  - 3 z (x) 
2 $[  c ] 

becomes n e g a t i v e   a t  some po in t   a long   t he   a i r fo i l   su r f ace ,   t he   f r ee - s t r eam 

Mach number i s  l e s s  .than t h e   u p p e r   c r i t i c a l .  Under these  c i rcumstances,  

a region  of  subsonic  f low would t h e n   e x i s t  i n  t h e   v i c i n i t y  of the  nose and 

the above  program would not   be   appl icable .   S ince   the   a i r fo i l s   cons idered  
h e r e i n   h a v e   t h e i r   l a r g e s t   p o s i t i v e   s l o p e   a t   t h e   n o s e ,   t h e   l o c a t i o n   a t  which 
l& defined i n  equation ( 7 1 )  would f i r s t  become negat ive would b e   a t   t h a t  

po in t  I 

T o  c a l c u l a t e   a c c e l e r a t i n g   t r a n s o n i c   f l o w s   a t  M, =: 1, it i s  convenient 

t o   r e c a s t   e q u a t i o n  (11) i n t o  an a l t e r n a t i v e  form  which  avoids  the  square- 
roo t   s in .gu la r i ty  of t h e   i n t e g r a n d   a t  x1 = 4 .  For th i s   pu rpose ,   t he   i nne r  

i n t e g r a l  of tha t   equa t ion   can   be   rewr i t ten  i n  the  fol lowing manner: 



The computational  program  proceeds  by f i r s t   c a l c u l a t i n g   t h e   l o c a t i o n  of 
t he   po in t  x* on t h e   a i r f o i l   s u r f a c e  a t  which son ic   ve loc i ty   occu r s .  
This  i s  found  from  equation ( 1 2 )  a s   t h e   p o i n t  where 

For t h e   c l a s s   o f   a i r f o i l s   c o n s i d e r e d ,   t h e   f u n c t i o n   G ( x )   h a s   o n e  maximum 
and  no minimum in   t he   r ange  0 t o  c so tha t  x* i s  located  approximately 
a t   f i r s t  by   eva lua t ing   G(x )   a t   po in t s   success ive ly   f a r the r  from t h e  
o r i g i n   u n t i l   t h a t   f u n c t i o n   p a s s e s   t h r o u g h  i t s  maximum and then more 
accurately  by  using a p a r a b o l i c   i n t e r p o l a t i o n .  The in tegra l   involved   in  
equat ion ( 7 2 )  is  computed  by using  Simpson’s   rule .   Next ,   the   integral  
H(x)  where 

i s  c a l c u l a t e d   a s  a funct ion  of  x again  using  Simpson’s  rule,  and then 
C and C a r e  found  by  using  equations (11) and ( 3 )  , r e spec t ive ly .  
Care  must  be  exercised  in  equation (11) to   i n su re   t he   p rope r   s ign  is 
maintained  for x < x* and x* < x.  Thus, 

- 
P  P 

’/3 

- C = 2(“- + [$r* [ d ~ ~ ~ ) ] 2  .xl} ), x < x* 
P 

X 

(74) 

( 7 5 )  
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C r i t i c a l  Mach num@ers-.- The  ca l cu la t ion   o f  the lower c r i t i c a l  Mach 

number proceeds  by f irst  l o c a t i n g   t h e   p o i n t   o n   t h e   a i r f o i l   s u r f a c e   w h e r e  

CPi/T i s  a  minimum and t h e n   c a l c u l a t i n g   t h a t  minimum value  ( C p i / ~ ) .  
For t he   a i r fo i l s   desc r ibed   by   equa t ions  (6)  and ( 8 ) ,  C p i / ~  has  one  mini- 
mum along  the  chord,  so t h a t   p o i n t   c a n  be r ead i ly   ca l cu la t ed   by   u s ing  a 

technique  analogous t o  the   one   used   for   loca t ing  X* i n   t h e   t r a n s o n i c  
program. The lower c r i t i c a l  Mach number i s  then  found  by  solving  equa- 

t i o n  (16)  i t e r a t i v e l y   u n t i l  M c r Y d  i s  c a l c u l a t e d  t o  wi th in  a des i r ed  

accuracy. 

The u p p e r   c r i t i c a l  Mach number i s  found  by   ca lcu la t ing   the   s lope   o f  

t h e   a i r f o i l   s u r f a c e   a t   t h e   n o s e  from e i t h e r  of equat ions  ( 6 )  o r  ( 8 ) ,  

i n s e r t i n g   t h e   r e s u l t   i n   e q u a t i o n  (19)  and i t e r a t i n g  on t h a t   e q u a t i o n   u n t i l  

, u is  obta ined   wi th in  a specif ied  accuracy.  

Axisymmetric  Flows 

Surface  pressures . -  The programs  for .   calculat ing  the  surface  pres-  

s u r e   d i s t r i b u t i o n  on s lender   bodies   o f   revolu t ion   by   the  method o f   l o c a l  

l i n e a r i z a t i o n   d i f f e r   e s s e n t i a l l y  from those  developed  for  two-dimensional 
flows i n   t h a t  a d i f f e r e n t i a l   e q u a t i o n  must b e   i n t e g r a t e d   i n   a l l   c a s e s   f o r  

the  former.  A l l  of the  axisymmetr ic   bodies  or ,  i n   t h e  case of  nonaxisym- 

metric bodies ,   the   “equiva len t“   bodies   o f   revolu t ion   cons idered   here   have  

prof i les   descr ibed   by   the   equat ions  

n max 

wi th  n = cons tan t  2 2 .  Thus,  analogous t o   t h e  two-dimensional  programs, 

t h e   f i r s t   s t e p   i n  all of the  axisymmetric  programs i s  t h e   c a l c u l a t i o n  of 
the  exponent n a c c o r d i n g   t o   t h e   r e l a t i o n   i n   e i t h e r   e q u a t i o n  ( 7 7 )  o r   ( 7 9 ) .  
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For purely  subsonic  flows, the longitudinal  perturbation  velocity 
component  u on the body surface is calculated by integrating  equation (23). 
Since,  however,  part of the  right-hand  side of that  equation  contains a 
perfect  differential, it is  convenient  to  rewrite the differential  equation 
in terms of another  dependent  variable  in  order to avoid  unnecessary 
numerical  computation  involving  that term. If  we define 

and 

VE (x) = u(x) - f E  (x) 

then  the  differential  equation  for VE is 

dVE S"'(x) 
dx 
" - 

47T [l - MZ - k(VE + fE)] 

The initial  condition  becomes,  simply 

V E ( x )  = 0 at S "  (x) = 0 

Thus, the  computational  program  first  integrates  the  differential  equa- 
tion  (82)  from  the  starting  condition  (83) up to some  point x and then 
calculates  u(x)  from  equation  (81) and the  pressure  coefficient  according 
to  equation  (21)  with a = 0. The  calculation  proceeds  first  from  the 
starting  point to a  specified  point  close to the  nose,  then  returns to 
the  starting  point and proceeds to integrate  toward  the tail. The  calcu- 
lations  cannot be carried  right to the  nose or tail  of  these  sharp-tipped 
bodies  as  the  local  linearization  method  predicts a logarithmic  singularity 
at  these  locations,  much  like  that  indicated  by  linearized  subsonic  flow 
theory. If at  any  point  along  the  body  the  quantity 

becomes  negative  the  free-stream  Mach  number  is  greater  than  the  lower 
critical  Mach  number; the flow field  would have a  region of local  super- 
sonic  flow and the  above  computational  program  does  not apply. 

I 
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For  purely  supersonic   f lows,   the   computat ion  of  u and C on t h e  
P 

body su r face  i s  c a r r i e d   o u t  i n  a manner similar t o   t h a t   u s e d   f o r   p u r e l y  
subson ic   f l ows .   In   t h i s   i n s t ance ,  w e  d e f i n e  

The d i f f e r e n t i a l   e q u a t i o n  ( 2 4 )  then becomes 

" dVH I n  [MZ - 1 + k 
dx 4Tr 

- 

subjec t   to   the   boundary   condi t ion  

V (x )  = 0 a t  s " ( x )  = 0 H ( 8 8 )  

The compui-ational  program  begins  the  integration  with  the  start ing  condi- 
t ions   ind ica ted   by   equat ion  ( 8 7 )  and proceeds  toward  the  nose. I n  t h i s  

ca se ,   t he   i n t eg ra t ion   can  be c a r r i e d   r i g h t   t o   t h a t   p o i n t   b e c a u s e   t h e  

method o f   l o c a l   l i n e a r i z a t i o n ,   c o n s i s t e n t   w i t h   l i n e a r i z e d   s u p e r s o n i c   t h e o r y ,  
p r e d i c t s  no s i n g u l a r i t y  i n  u t h e r e   f o r  a sharp-tipped  body.  If ,   however,  

before   the  nose is  reached ,   the   quant i ty  

becomes negat ive ,   the   f ree-s t ream Mach number i s  l e s s   t han   t he   uppe r  
c r i t i c a l .  Under these   cond i t ions ,   fo r   t he  same reason  as   discussed i n  
connec t ion   wi th   supersonic   f low  over   a i r fo i l s ,  a region of subsonic  flow 

would e x i s t  i n  t h a t   v i c i n i t y  and t h e   p r e s e n t  program  would not be appl i -  

cab le .   I f  hE r ema ins   pos i t i ve   r i gh t  u p  t o   t h e   n o s e ,   t h e  program r e t u r n s  
t o   t h e   s t a r t i n g   p o i n t  and begins   to   in tegra te   toward   the  t a i l .  However, 

a unique  feature   of   supersonic   axisymmetr ic   f low  causes   the  f low  f ie ld   to  

become subsonic   near   the t a i l  of   these   bodies  and many o the r   c l a s ses   o f  
s h a p e s   t h a t   t e r m i n a t e   l i k e  a cone.  This i s  caused  by  expansion  waves, 
which  emanate  from  the  body  surface,  reflecting  from  the bow shock  as 
compression  waves and inc reas ing   i n   s t r eng th  as they  coalesce  or   focus on 
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t h e   t a p e r i n g   a f t   s e c t i o n  of t h e  body.  These  incoming  compression  waves 

a r e   o f   s u f f i c i e n t   s t r e n g t h   t o  cause a pressure  recovery  to   subsonic   speeds 
upstream of   the   po in ted  t a i l .  The basic assumptions of purely  supersonic  
flow are v io l a t ed ,   t he re fo re ,  and fur ther   cons idera t ions   concern ing   the  
na ture  of the t r a n s i t i o n  from  supersonic t o  subsonic  flow are necessary 
i f   t h e   c a l c u l a t i o n  i s  t o   c o n t i n u e   t o   t h e  end  of t h e  body.  Similar pheno- 
mena occur   for   sonic   o r   near   sonic   f ree-s t ream  f low  about   these   bodies  
and t h i s   p o i n t  i s  d i s c u s s e d   f u r t h e r   i n   t h a t   s e c t i o n .  The e n t i r e   m a t t e r ,  
however, i s  not   of   pr ime  importance  s ince,   as   pointed  out   in   reference 7 ,  

( a )  the  region  involved is  gene ra l ly   qu i t e   sma l l ,  (b) v i scous   e f f ec t s  are 
c e r t a i n l y   p r e s e n t   i n   t h e s e   r e g i o n s ,  and ( c )   t he   i n fo rma t ion  i s  o f t en  not 
r equ i r ed   a s   bod ie s   u sed   i n   p rac t i ce   o r   s tud ied  i n  wind-tunnel tes ts  a r e  

usua l ly   cu t   o f f   forward   of   th i s   reg ion .   In  any case ,  when t h i s   p o i n t  i s  

reached,  the  above  computational  program  terminates. 

For   accelerat ing  t ransonic   f lows  with Mm = 1, the   subs t i t u t ions   u sed  
t o   r e w r i t e   t h e   o r i g i n a l   d i f f e r e n t i a l   e q u a t i o n s   f o r   s u b s o n i c   o r   s u p e r s o n i c  
flows  do  not  apply, and it is  more conven ien t   t o   i n t eg ra t e   t he   o r ig ina l  
d i f f e r e n t i a l   e q u a t i o n  ( 2 5 )  a s  it stands.   Because  that   equat ion is singu- 
l a r   a t   t h e   p o i n t  where  S"(x)  vanishes,  it i s  necessary   to   use   the   Taylor  
se r ies   expans ion   of   the   ana ly t ic   so lu t ion   for  u abou t   t ha t   po in t   i n  
o rde r   t o   ex t end   t he   s t a r t i ng   po in t   o f   t he   numer i ca l   i n t eg ra t ion   f a r  enough 
away from t h e   s i n g u l a r i t y  so tha t   the   s tandard   in tegra t ing   package   can  
take  over .   For   order-of-error   consis tency  with  the  integrat ing scheme, 
t h e   f i r s t   s i x   t e r m s  of t h e   T a y l o r   s e r i e s   f o r  u are  used. The in t eg ra t ion  
i s  f i r s t   c a r r i e d   t o  some s p e c i f i e d   p o i n t   c l o s e   t o   t h e   n o s e   s i n c e ,   a s   i n  
t h e   s u b s o n i c   c a s e ,   t h e   l o c a l   l i n e a r i z a t i o n  method p r e d i c t s  a logari thmic 
s i n g u l a r i t y   t h e r e   f o r  a sharp-tipped  body. The in t eg ra t ion   t hen   r e tu rns  
t o   t h e   s t a r t i n g   p o i n t ,  and b e g i n s   t h e   i n t e g r a t i o n   t o   t h e   t a i l   b y   a g a i n  
us ing   the   Taylor  series expansion. However, b e c a u s e   t h e   d i f f e r e n t i a l  
equat ion ( 2 5 )  w a s  der ived   for   acce le ra t ing   t ransonic   f lows ,  it cannot be 

u s e d   o v e r   t h e   e n t i r e   a f t   s e c t i o n  of t h e  body. The r e a s o n   f o r   t h i s  i s  
s imi l a r   t o   t ha t   d i scussed   i n   connec t ion   w i th   pu re ly   supe r son ic   f l ows .   In  
th i s   ca se ,   t he   expans ion  waves t h a t  emanate  from t h e  body sur face  are 
r e f l e c t e d  from the   sonic   l ine   as   compress ion  waves; t h e s e   r e f l e c t e d  waves 
u l t ima te ly   cause   t he   f l ow  to   dece le ra t e  somewhere  on t h e   a f t   s e c t i o n   o f  
these  bodies  so t h a t ,   i f   i n f o r m a t i o n  is desired about   the  f low  in   those 
regions,   addi t ional   assumptions and considerations  must  be  introduced. 
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S p r e i t e r  and Alksne  have shown i n  re ference  7 t h a t  a reasonable  approxima- 

t i o n ,  which is i n  good accord  with  experimental   evidence,  i s  t o   j o i n   t h e  

p a r a b o l i c   d i f f e r e n t i a l   e q u a t i o n  ( 2 5 )  t o   t h e   h y p e r b o l i c   d i f f e r e n t i a l   e q u a -  
t i o n  ( 2 4 )  a t   t h e   p o i n t  where  both u and du/dx as   predicted  by  these 
two equations  match. I n  the  computational  program,  this is accomplished 

by ca lcu la t ing   the   va lue   o f  du/dx  from the  hyperbolic  equation  (24)  by 

us ing   the   va lue  of  u pred ic ted   by   the   parabol ic   equa t ion  ( 2 5 )  a s   t h e  
l a t t e r  i s  i n t e g r a t e d   t o w a r d   t h e   t a i l .  When the  values  of  du/dx predic ted  

by  both  equations  match, a t r a n s f e r  i s  made to   the   hyperbol ic   equa t ion  and 

the   ca l cu la t ion   con t inues   t oward   t he   t a i l .  A s  was the   case   for   pure ly  

supersonic   f lows,   for   sonic   or   near   sonic   f ree-s t ream  f lows  the  region  of  

supersonic  f low  does  not  extend  all   the way t o   t h e   r e a r   t i p  of bodies  such 

a s   t hose   cons ide red   he re   t ha t   t e rmina te   l i ke  a  cone.  Rather,  the  flow 

dece le ra t e s  and reaches   sonic   ve loc i ty   a t  a po in t  somewhat forward  of  the 
rear   t ip .   Whi le   the   f low i n  the   immedia te   v ic in i ty   o f   the   rear   t ip  i s  
known t o   b e   s u b s o n i c ,   l i t t l e  more has  been  established  about  the  nature 

of the   f low  in   tha t   reg ion .  It i s  c l e a r ,  however, t h a t  two p o s s i b i l i t i e s  

e x i s t   r e g a r d i n g   t h e   n a t u r e   o f   t h e   t r a n s i t i o n  from supersonic   to   subsonic  

a long  the body sur face .  The t r a n s i t i o n  may be  accomplished i n  a discon- 
t inuous manner involving one o r  more shock  waves t h a t   e x t e n d   t o   t h e  body 

s u r f a c e ,   o r  it may be  accomplished i n  a continuous  manner  with a  smooth 

dece lera t ion   th rough  sonic   ve loc i ty .  I n  e i t h e r   c a s e ,  shock  waves a r e  

present  i n  t he   f l ow  f i e ld   bu t  do  not   extend  to   the body su r face   fo r   t he  
l a t t e r   c a s e  of  smooth dece lera t ion   th rough  sonic   ve loc i ty .  It  i s  assumed 

i n  t h e   p r e s e n t   a n a l y s i s   t h a t   t h i s   t r a n s i t i o n  from supersonic   to   subsonic  

flow  along  the body su r face  i s  continuous and t h a t   t h e   r e s u l t s   p r e d i c t e d  
by the  hyperbol ic   equat ion  (24)   are   val id  up t o   t h e  immediate v i c i n i t y  of 

the  rear   sonic   point .   Furthermore,  it i s  assumed t h a t   t h e   r e s u l t s   f o r  
subsonic  f low  along  the  remainder  of  the  body  can  be  calculated by  means 

of t h e   e l l i p t i c   e q u a t i o n  ( 2 3 )  . Although  both  equations ( 2 3 )  and (24) 

p r e d i c t  a l o g a r i t h m i c a l l y   i n f i n i t e   s l o p e   a t   t h e   r e a r   s o n i c   p o i n t ,   t h e  

ex ten t  of the  region  involved is  exponentially  small ,  so  t h a t   S p r e i t e r  
and Alksne   ( re f .  7 )  were   ab le   to  show by  the  method  of  isoclines  that   the 

t r a n s f e r  from the   hype rbo l i c   t o   t he   e l l i p t i c   equa t ion   i nvo lves  a discon- 

t i n u i t y   t h a t  i s  r e s t r i c t e d   t o  a r eg ion   su f f i c i en t ly   sma l l   a s   t o   cause  no 
numerical   d i f f icul ty .   Consequent ly ,  it i s  poss ib l e   t o   ca r ry   t he   ca l cu la -  
t ion   th rough  the   sonic   po in t  and e f f e c t   t h e   t r a n s f e r  of equations  by means 
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of a l i nea r  interpolat ion,   subsequent ly   cont inuing  the  calculat ion  toward 
t h e  rear t i p  by   us ing   the  e l l i p t i c  equat ion ( 2 3 ) .  The ca l cu la t ion   t hen  
proceeds   to  a des igna ted   po in t   nea r   t he  rear t i p  and terminates .  

In  each  of  the  preceding  computational  programs, a l l  d i f f e r e n t i a l  
equat ions  are in tegra ted   by   us ing  Hamming’s modif ied  predictor-corrector  

method d e s c r i b e d   i n  the Scien t i f ic   Subrout ine   Package  (SSP) a v a i l a b l e  
from t h e  IBM Corporation. The in tegra ls   involved  i n  t h o s e   d i f f e r e n t i a l  
equat ions are evaluated  numerically  by  Simpson’s  rule  while  any  deriva- 
t i v e s  which  must be calculated  numerical ly   are   found  by  using a c e n t r a l  

7-point   d i f ference  formula.   Analyt ic   expressions  are   provided  for   the 
a rea   d i s t r ibu t ion   func t ion  and i ts  der ivat ives   a l though  the  programs  can 
be e a s i l y   m o d i f i e d   t o  accommodate t abu la r   da t a   o f  th i s  form,  as  would be 

t h e   c a s e   f o r   a r b i t r a r y   s l e n d e r   b o d i e s   o f   r e v o l u t i o n .  

Flow-field  pressures . -   Calculat ion  of   the  f low-field  pressure 
d is t r ibu t ion   for   the   ax isymmetr ic   f low  about   s lender   bodies   o f   revolu t ion  
i s  r ead i ly   ob ta ined   t h rough   u se   o f   t he   equ iva lence   ru l e   t o   ex t end   t he  
r e s u l t s   f o r   t h e   s u r f a c e   p r e s s u r e s   o u t   i n t o   t h e   f l o w   f i e l d .  The r e s u l t   o f  
this appl ica t ion ,   g iven   in   equa t ion  (66), i n d i c a t e s   t h a t   t h e   p r e s s u r e  
c o e f f i c i e n t   a t  a po in t  removed by a l a t e r a l   d i s t a n c e  r from t h e  body 
axis is  found  by   ca lcu la t ing   the  

S ”  (x)  f ,   ( x , r )  = - 
7r 

and adding t o  it -2%/UDO where, 

funct ion  f l   where 

depending  upon  the Mach 
uR is  ca l cu la t ed  from the   subsonic ,   supersonic ,   o r  Mm =: 

rider range, 
1 programs 

discussed  above.   Consequent ly ,   the   f low-field  calculat ion  can be accom- 
pl ished  by  modifying  only  the  output   subrout ines   of   these  programs  to  
i n c l u d e   t h i s   a d d i t i o n a l   c a l c u l a t i o n   i f  it is  required.  

- 

Nonaxisymmetric  Flows 

S u r f a c e p r e s s u r e s  - n o n l i f t i n g  and 1 i f t i nq . -   Ca lcu la t ion  of t h e  
su r face   p re s su res  on non l i f t i ng   pa rabo l i c -a rc   bod ie s   hav ing   e l l i p t i ca l  
c r o s s   s e c t i o n s   t h a t   m a i n t a i n  a c o n s t a n t   r a t i o  of major t o  minor  axes 
a long  the  body  length is also  convenient ly   accomplished  through  use  of  
the   equiva lence   ru le .   Equat ion  ( 5 0 ) ,  which i s  t h e   r e s u l t  of app l i ca t ion  
o f   t h i s   r u l e   t o   t h a t   c l a s s   o f   s h a p e s ,   i n d i c a t e s   t h e   p r e s s u r e   c o e f f i c i e n t  
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a t  any p o i n t  on those bodies  may be found by adding   the   func t ion  g, 

whe r e 

t o  -2ug/Um, where % i s  ca l cu la t ed  from the   appropr i a t e   ( subson ic ,  

supersonic ,   o r  Ma =: 1) l o c a l   l i n e a r i z a t i o n  program for  axisymmetric  f low 

p a s t  a parabol ic-arc   body  of   revolut ion.  

For l i f t i n g   f l o w s   a b o u t   t h e s e   b o d i e s   a t  small angles   o f   a t tack ,  

equat ion ( 5 5 )  i n d i c a t e s   t h a t   i n   a d d i t i o n  t o  t h e   f u n c t i o n  g ,  another  

func t ion  g2  must be added t o  -2u,JUO3 t o   o b t a i n   t h e   s u r f a c e   p r e s s u r e  

c o e f f i c i e n t  where 

Consequently, t o  ob ta in  the s u r f a c e   p r e s s u r e   d i s t r i b u t i o n s  on these   bod ie s  
f o r   n o n l i f t i n g  and l i f t i n g   s i t u a t i o n s ,  it i s  n e c e s s a r y   t o   a l t e r   o n l y   t h e  

output   subrout ines  of the   subsonic ,   supersonic ,  and Mm = 1 l o c a l   l i n e a r i -  

zat ion  programs  for   axisymmetr ic   f low  about   the  equivalent   parabol ic-arc  
body  of revolu t ion   by   adding   the   func t ions  g, and g,. 

Flow-f i e l d  pressure_s_--- non l . i f t i nq .  - The f low-f i e ld  p res su re  d i s t r i b u -  
t i o n   f o r   n o n l i f t i n g   f l o w   a b o u t   t h i s   c l a s s   o f   b o d i e s  i s  found i n  a s i m i l a r  

manner. Appl ica t ion   of   the   t ransonic   equiva lence   ru le   ind ica tes   tha t   the  
p r e s s u r e   c o e f f i c i e n t  a t  an a r b i t r a r y   p o i n t  re ie i n   t h e   c r o s s f l o w   p l a n e  

can be found  by add i t ion  of t h e   f u n c t i o n  

(eq.  (93)  cont .  on next  page) 

34 



t o  -2ug/Um where  again % i s  ca l cu la t ed  from t h e   a p p r o p r i a t e   l o c a l  
l inear izat ion  program  for   axisymmetr ic   f low  about   the  equivalent   parabol ic-  
arc   body  of   revolut ion.  

C r i t i c a l  Mach numbers.- The programs f o r   c a l c u l a t i n g   t h e   c r i t i c a l  
Mach numbers €or  axisymmetric  flow  about  the  bodies of revolut ion  des-  
cribed  by  equations ( 7 6 )  and (78)  p r i m a r i l y   d i f f e r  from the  corresponding 
two-dimensional  programs i n  t h a t ,   f o r   t h e   l a t t e r ,   i n t e g r a l   r e l a t i o n s h i p s  
e x i s t  be tween   t he   c r i t i ca l  Mach numbers and those  values  of u/Um t h a t  
determine them (see  eqs .  (16) and (19) ) , whereas  for  the  axisymmetric 
cases ,   the   ana logous   re la t ionships   a re   th rough  d i f fe ren t   equa t ions .  
S p e c i f i c a l l y ,   t h e   c a l c u l a t i v e  program tha t   de t e rmines   t he   l ower   c r i t i ca l  
Mach number on these   bod ie s   o f   r evo lu t ion   i n t eg ra t e s   d i f f e ren t i a l  equa- 
t i o n  ( 2 3 )  pas t   t he   po in t   o f  maximum u/Um by  es t imat ing a n  i n i t i a l   v a l u e  

for Mer, If the   i n t eg ra t ion   goes   t h rough   t ha t   po in t   w i th   t he   quan t i ty  

(94)  

grea te r   t han   ze ro ,   t hen   t he   va lue  of the  f ree-s t ream Mach number i s  
sys temat ica l ly   increased  and the   i n t eg ra t ion   r epea ted   w i th   t he  new value.  
I f  , on the  other   hand,  A, becomes negat ive  before  u/Um reaches i t s  

maximum, the  value  of  Mm i s  reduced and the   in tegra t ion   aga in   repea ted .  
The i t e r a t i o n   c o n t i n u e s   u n t i l  A, simultaneously  vanishes   a t   the   point  
where u/Um reaches i t s  maximum and t h e   c r i t i c a l  Mach number i s  determined 
t o   w i t h i n  a given  tolerance.  W e  n o t e   t h a t   a t   t h e   p o i n t  where hE vanishes,  
equat ion ( 2 3 )  p r e d i c t s  a l oga r i thmica l ly   i n f in i t e   s lope .   Th i s   f ac t   causes  
no   numer ica l   d i f f icu l ty ,   however ,   as   the   s ingular i ty  i s  of such a weak 
t y p e   t h a t   t h e   l o w e r   c r i t i c a l  Mach number can be c a l c u l a t e d   t o   w i t h i n  any 
reasonable   tolerance.   For   the  bodies   considered  herein,   the   point   of  
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maximum u/Uw always l ies  a f t  of the   po in t   where  Sl ' (x)  vanishes ,  s o ' i t  
is unnecessary t o   c a r r y   t h e   i n t e g r a t i o n  from t h a t   s t a r t i n g   p o i n t   t o   t h e  

nose. 

The  program f o r   c a l c u l a t i n g   t h e   u p p e r   c r i t i c a l  Mach number proceeds 

by   e s t ima t ing   an   i n i t i a l   va lue   o f  and t h e n   i n t e g r a t i n g   d i f f e r e n -  
t i a l   equa t ion   (24 )   t oward   t he   nose .   I f   t he   i n t eg ra t ion   r eaches   t he   nose  
w i t h   t h e   q u a n t i t y  

Mer, u 

Ix= 0 

g rea t e r   t han   ze ro ,   t hen   t he   va lue   o f   t he   f r ee - s t r eam Mach number i s  

systematical ly   reduced and t h e   i n t e g r a t i o n   r e p e a t e d   w i t h   t h a t  Mach number. 
I f  AH becomes negat ive   before   the   nose  i s  reached,   the   value  of  Mw i s  
increased and t h e   i n t e g r a t i o n   r e p e a t e d .  The i t e r a t i o n   c o n t i n u e s   u n t i l  

van i shes   a t   t he   nose  and t h e   u p p e r   c r i t i c a l  ,Mach number i s  determined 
t o   w i t h i n  a spec i f i ed   t o l e rance .  A s  wi th   the   ca lcu la t ion   of   the   lower  
c r i t i c a l  Mach number, t h e   l o g a r i t h m i c   s i n g u l a r i t y   i n   s l o p e   i n   e q u a t i o n  ( 2 4 )  

implied  by  the  vanishing  of a t  the   nose   causes  no computational 

d i f f i c u l t y .  

RESULTS AND DISCUSSION 

Two-Dimensional  Flow 

Theore t i ca l   su r f ace   p re s su re   d i s t r ibu t ions   ca l cu la t ed   fo r  members of 

t h e   c l a s s  of a i r fo i l s   desc r ibed   by   equa t ions   (6 )  and ( 8 )  having   pos i t ions  

of   the  point   of  maximum t h i c k n e s s   a t  30, 40,  50, 60, and 70 percent   o f   the  
chord are p r e s e n t e d   i n   f i g u r e  2 for   f ree-s t ream Mach number Ma = 1 and 
a l s o   a t   t h e   l o w e r  and  upper c r i t i c a l   v a l u e s   o f   t h e   s i m i l a r i t y   p a r a m e t e r  
4 ,  o f   t h e   a i r f o i l   i n   q u e s t i o n .  The e x p e r i m e n t a l   r e s u l t s   i n   t h a t   f i g u r e  
a r e   f o r  Mw = 1 from re fe rence  26  and w e r e  ob ta ined   for  a family  of 

a i r f o i l s   h a v i n g   t h i c k n e s s   r a t i o s  T ranging  from 6 t o  1 2  percent .  

The t h e o r e t i c a l   r e s u l t s  a t  Ma = 1 for   these   have   been   g iven  
p rev ious ly   i n   r e f e rence   19 ;   however ,   i n   t ha t  work, t h e   r e s u l t s   p r e s e n t e d  

f o r   t h e   a i r f o i l s   w i t h  maximum t h i c k n e s s   a t  30  and  40 pe rcen t   a r e   no t  

e x a c t   i n   t h a t   t h e   a c t u a l   e q u a t i o n s   d e s c r i b i n g   t h e   a i r f o i l   o r d i n a t e s   a r e  

approximated i n   o r d e r   t o   o b t a i n   a n a l y t i c a l   s o l u t i o n s .  Thus t h e   r e s u l t s  
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I -  

g iven   i n   f i gu re  2 f o r   t h e s e  two a i r f o i l s   a r e  new and serve  to   complete  
t h e   t h e o r e t i c a l  and exper imenta l   compar isons   for   the   en t i re   se r ies   o f  
a i r f o i l s   t e s t e d .  

We note   the  remarkably  large  extent   of   the   t ransonic   range  for   these 
a i r f o i l s   a s   i n d i c a t e d   i n   t h e   t a b l e  be low  by   the   va lues   o f   the   c r i t i ca l  
Mach numbers f o r  members of t ha t   c l a s s   hav ing  a t h i c k n e s s   r a t i o  T = 1/12 .  

... ... 

.40 .70 .60 .50 

max 

, u 2.00 1.66 1.24 1.31 1.49 

0.75 0.77 0.75 0.77 0.79 

Moreover, these  ranges would  be  even g r e a t e r   w e r e   t h e   a i r f o i l s   l i f t i n g .  
These same re su l t s   a r e   p re sen ted  i n  f i g u r e  3 ,  which shows t h e   v a r i a t i o n  
o f   t h e   c r i t i c a l  Mach numbers a s  a funct ion of the   loca t ion   of   the   po in t  
of maximum th i ckness ;   t h i s   p lo t   p rov ides  an i n s i g h t   i n t o   t h e   r e l a t i v e   s i z e  
of t he  Mach number ranges  over  which  the  theory and ca l cu la t ive  programs 
are   appl icable .   Corresponding   resu l t s ,   which   a re   d i scussed   la te r ,   a re  
shown fo r   bod ie s   o f   r evo lu t ion   hav ing   p ro f i l e s   s imi l a r   t o   t hose  of t he  
a i r f o i l s .  The ver t ical   d is tance  between  the  upper  and lower  curves i n d i -  

c a t e s   t h e   e x t e n t  of the   t ransonic   range   for   these   bodies  and the  range i n  
which the  purely  subsonic   or   purely  supersonic   theories   are   inappropriate .  
The s l igh t   d i scon t inu i ty   t ha t   appea r s  i n  the  s lopes  of   the   curves   a t  

r 

occurs  because  of  the two d i f fe ren t   express ions  used to   desc r ibe   t he   bod ie s  
with maximum thickness  forward  or  rearward  of  the  midpoint. The f i g u r e  
c l ea r ly   demons t r a t e s   t he   r ap id   va r i a t ion   i n   t he   uppe r   c r i t i ca l  Mach number 

Mcr ,u  as   the  point   of  maximum thickness  moves toward the  nose. It  i n d i -  

ca tes ,   fu r thermore ,   tha t   in   v iew  of   the   l a rge   supersonic   va lues   p red ic ted  

f o r  
the  small-dis turbance  approximation  are   beginning  to   break down and t h a t  

, u for  these  blunter-nosed  shapes,   the  assumptions  inherent  in 
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the   theory  should be appl ied   wi th   cons iderable   cau t ion   to   those   shapes  
having their  maximum t h i c k n e s s   p o i n t   c l o s e   t o   t h e   n o s e .  

With r e g a r d   t o   t h e   t h e o r e t i c a l  and expe r imen ta l   p re s su re   d i s t r ibu t ions  
a t  M, = 1 (E, = 0)  i n   f i g u r e  2 , it i s  apparent   tha t   except   for   the  imme- 

d i a t e   v i c i n i t y  of the   t ra i l ing   edge ,   these   compar isons   ind ica te   essent ia l  

agreement  between  the  calculated and measured  pressure  dis t r ibut ions.  
The genera l  t r e n d  o f   t h e   t h e o r y   t o   a g r e e   b e t t e r   w i t h   t h e   d a t a   f o r   t h i c k e r  

a i r f o i l s  and € o r   a i r f o i l s   w i t h  maximum thickness  forward  has  been examined 

i n  some d e t a i l   p r e v i o u s l y   ( r e f .  18), and found t o  be cons i s t en t   w i th   t he  

an t ic ipa ted   e f fec ts   o f   wind- tunnel -wal l   in te r fe rence  and of the   v i scous  

boundary  layer.  

With r e s p e c t   t o   t h e   d i f f e r e n c e s   t h a t   o c c u r   n e a r   t h e   t r a i l i n g   e d g e ,  

the   ques t ion   a r i ses   whether   they   a re   p r imar i ly   the  resul t  of  boundary- 

l a y e r  shock-wave i n t e r a c t i o n ,   a s  most  would suppose,  or  whether  they 

might   be  inherent   in   the  inviscid  solut ion.  The l a t t e r  would be   the  
c a s e   i f   t h e   l o c a l  Mach number immediately  upstream  of  the  trail ing  edge 

were  not  high  enough  for  an  oblique  shock wave t o  t u r n  the  f low  through 
the  required  angle .   I f   that   should  occur ,   the   shock wave would detach 

from t h e   t r a i l i n g  edge and move fo rward   on to   t he   a f t   pa r t  of t h e   a i r f o i l ,  
s u b s t a n t i a l l y   a l t e r i n g   t h e   p r e s s u r e   d i s t r i b u t i o n   t h e r e .  

To i n v e s t i g a t e   t h i s   p o s s i b i l i t y ,  w e  must consider   the  fol lowing 

expres s ion   ( r e f .  2 7 )  for  the  transonic  approximation  for  the  shock  polar,  

where u and w r e f e r   t o   t h e   C a r t e s i a n  components of t h e   p e r t u r b a t l o a  
ve loc i ty  and subsc r ip t s  a  and b r e f e r   t o   c o n d i t i o n s  ahead and behind 

t h e  shock wave: 

Upon introducing C = -2u/U, and dZ/dx = w/U,, where U, r e f e r s   t o  
the   f ree-s t ream  ve loc i ty ,  and s e t t i n g  M, = 1, (dZ/dx)b = 0 ,  and expressing 

t h e   r e l a t i o n s  i n  terms  of C r a the r   t han  C equation ( 9 6 )  becomes 

P 
- 

P P' 
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With [d (Z/T) /dx] a known from the  geometry of t h e   a i r f o i l ,  and C 

assumed t o  be a s   i n d i c a t e d   b y   t h e   l o c a l   l i n e a r i z a t i o n   t h e o r y ,   t h i s   r e l a -  
t i o n  may be   so lved   fo r  C the  reduced  pressure  coeff ic ient   immediately 
downstream  of t h e   t r a i l i n g   e d g e ,   p r o v i d e d  -C i s  s u f f i c i e n t l y   l a r g e  
for   the   shock  wave t o  be a t t a c h e d   t o   t h e   t r a i l i n g   e d g e .   I f  -C i s  
less than a l i m i t i n g   v a l u e  (-Epa)att, which  depends on [ d ( Z/T) /dx] a,  
it i s  n o t   p o s s i b l e   f o r  an oblique  shock wave t o   t u r n   t h e   f l o w   t h e   r e q u i r e d  
angle.  The appropr i a t e   exp res s ion   fo r  
so lv ing  

- 
Pa 

- 
Pb' - 

Pa - 
Pa 

(-'Pa) a t t  may be  determined  by 

f o r  C i n  terms  of C t o   o b t a i n  
equat ion ( 9 7 )  t o   o b t a i n  

- 
pb 

- - - 
Pa % = -c Pa 

/3, and s u b s t i t u t i n g   i n t o  

A necessary  condi t ion  for   the  shock wave t o   b e   a t t a c h e d   t o   t h e   t r a i l i n g  
edge   of   the   a i r fo i l  i s  t h u s   t h a t  C < (Cpa)att. I t  may be  seen  from 

t h e   v a l u e s   l i s t e d   f o r  C and 
i s  s a t i s f i e d   f o r   e a c h  of t h e   a i r f o i l s   f o r  which r e s u l t s   a r e  shown i n  
f i g u r e  2 .  

- 
- -Pa - 

Pa ('Pa) a t t  
i n  Table I t h a t   t h i s   c o n d i t i o n  

TABLE I 

SIGNIFICANT VALUES FOR ?! AND SLOPE AT THE 
T R A I L I N G  EDGE OF THE AIRFOILS PRESENTED I N  FIGURE: 1 

P 

(x/c) z 
ma, 

.30 

.40 

.SO 

.60 
I70 

.~ 

-0.86 
-1.18 
-2.00 
-2.82 
-4.32 

.. 

- 
C 

Pa 

-4.04 
-3.96 
-4.45 
-5.23 
-6.61 

(Epa) 
a t t  

-2.15 
-2.67 
-3.78 
-4.75 
-6.32 

-2.82 
-4.00 
-5.03 

-6.68 

I 
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The margin  by  which t h i s   c o n d i t i o n  is exceeded  diminishes   rapidly  as   the 
maximum th ickness  moves a f t  on t h e   a i r f o i l ,  however, and it seems l i k e l y  

t h a t   t h e   c o n d i t i o n   f o r  an attached  shock wave may n o t   b e   s a t i s f i e d   f o r  

a i r f o i l s   o f   t h i s   f a m i l y   i f   t h e  maximum thickness  were much f u r t h e r   a f t  

than  the  most  extreme  of  the  cases  considered,  namely  0.70  chord. 

A fu r the r   cond i t ion   r equ i r ed   fo r   t he   su r f ace   p re s su re   d i s t r ibu t ion  

to   be  independent   of   condi t ions  downstream  of   the  a i r foi l  i n  the  absence 

of  a  boundary  layer is  that  the  f low  be  supersonic  downstream of the  
t r a i l i n g  shock  wave. Now, it i s  a  well-known proper ty   o f   the   t ransonic  

shock  polar  that  can  be  seen  from  equation (97)  , o r   t h e   l i s t i n g s  of 
Table I ,  t h a t  c may be   e i the r   pos i t i ve   o r   nega t ive ,   bu t   t ha t  

C < Cb -Cpa i f   a t t e n t i o n  i s  conf ined   t o   phys i ca l ly   s ign i f i can t  
compressive  shock  waves  described  by  real   solutions  of  equation ( 9 7 ) .  

Of t h e  two so lu t ions   o f   t ha t   equa t ion   t ha t   s a t i s fy   t h i s   cond i t ion ,  one i s  

always posi t ive,   indicat ing  subsonic   f low,  and t h e   o t h e r  may be   pos i t ive  

or nega t ive ,   i nd ica t ing   e i the r   subson ic  or supersonic  f low. To f u r t h e r  
i l l u s t r a t e   t h i s   p o i n t ,   t h e  two va lues   fo r  C a r e   i nd ica t ed  by s o l i d  

and open h a l f   c i r c l e s   f o r   e a c h   o f   t h e   a i r f o i l s  on f i g u r e  2 .  The l i m i t i n g  

va lue   for  C f o r  which the  f low i s  exactly  sonic  immediately  downstream 

of  a  shock wave a t t a c h e d   t o   t h e   t r a i l i n g   e d g e  i s  designated  by C z -  and 

- - -Pb 
Pa 

- 
g, 

- 
Pa - 

may be  determined  from  equation (97)  by s e t t i n g  

i s  

- - d  
equal   to   zero.  It  

Values f o r  z* a r e   l i s t e d   i n   T a b l e  I for   each 

which r e s u l t s   a r e  shown i n   f i g u r e  2. 
Pa 

o f   t h e   a i r f o i l s   f o r  

I f  F$ 1. c 
3 Pa 2 (%a)  att J 

a  shock wave may b e   a t t a c h e d   t o   t h e   t r a i l -  
ing  edge,  but  the  f low immediately downstream  of it must  be  subsonic. 

Under these   c i rcumstances ,   which   preva i l   fo r   the   a i r fo i l s   o f   f igure  2 

with maximum t h i c k n e s s   a t  0.70 c h o r d ,   e f f e c t s   a r i s i n g  i n  t he  wake and 
elsewhere  downstream  of   the  a i r foi l   inevi tably  inf luence  condi t ions  a t  

t h e   t r a i l i n g  edge .   This   resu l t   opens   the   poss ib i l i ty   tha t   these   in f lu-  

ences   might   be  suff ic ient ,   under   cer ta in   c i rcumstances,   to   cause  the 
t r a i l i n g  shock wave t o  move fo rward   on to   t he   a i r fo i l ,  and the reby   t o  
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t o  produce a t   l e a s t  
t h e   t h e o r e t i c a l  and 

edge. 

If Fp, < E& < 

par t   o f   the   d i screpancies   apparent   in   f igure  2 between 
expe r imen ta l   p re s su re   d i s t r ibu t ions   nea r   t he   t r a i l i ng  

('Pa) a t t '  as  it is fo r   t he   r ema inde r   o f   t he   a i r fo i l s  

cons idered- in   f igure  2 ,  the  shock wave may be a t t a c h e d   t o   t h e   t r a i l i n g  
edge,  but  the  flow  immediately  downstream of it may be e i ther   subsonic  
or  supersonic  according  to  whether  the  shock wave i s  s t rong   o r  weak. I f  
the  shock wave i s  of   the   s t rong   type ,   the   s i tua t ion  would be   subs t an t i a l ly  

t h e  same as   j u s t   desc r ibed ;  and the  sources   of   the   differences  between  the 
t h e o r e t i c a l  and exper imenta l   p ressure   d i s t r ibu t ions   near   the   t ra i l ing   edge  
might   be  sought   in   e i ther   inviscid  or   viscous phenomena. I f ,  on the   o the r  
hand,  the  shock wave is  of   the weak type,   the   f low is  supersonic  immediately 
downstream  of  the  shock  wave, and no e f f e c t s  of  downstream origin  can 
i n f l u e n c e   c o n d i t i o n s   a t   t h e   a i r f o i l  i n  the  absence  of  viscosity.  To t he  

e x t e n t   t h a t   t h i s   p r e v a i l s ,   t h e  above r e su l t s   suppor t   t he   gene ra l   be l i e f  
t ha t   t he   d i f f e rences   be tween   t heo re t i ca l  and experimental   pressure distri- 

but ions   over   the   a f t   por t ion   o f   a i r fo i l s   wi th   smal l   o r   modera te   t ra i l ing-  
edge  angles   must   involve  viscous  processes ,   in   par t icular ,   effects  of 
shock-wave  boundary-layer  interaction.  While  the  inviscid  theory i s  

capable  of  providing a good approximat ion   for   the   p ressure   d i s t r ibu t ion  
over   most   of   the   a i r foi l ,   the   nature  and magnitude  of  the  deficiencies 
n e a r   t h e   t r a i l i n g  edge i n d i c a t e   t h a t  an  improved theory,  which  includes 
v i scous   e f f ec t s ,  i s  r equ i r ed   t o   p rov ide   s a t i s f ac to ry   p red ic t ions   o f   d rag  
a t  MD3 = 1. 

Axisymmetric  Flows 

Surface  pressures . -   Experimental   surface  pressure  dis t r ibut ions  f rom 
references  35 and 36 toge the r   w i th   t he   t heo re t i ca l   r e su l t s   ca l cu la t ed  
u s i n g   t h e   l o c a l   l i n e a r i z a t i o n  method are   presented i n  the  lower  plots  of 
f i g u r e  4, (a)   through  (e)  , f o r  members o f   t he   c l a s s  of bodies  described 
by  equations (77)  and (79) having a t h i c k n e s s   r a t i o  D / j  = 1 / 1 2  and 
loca t ions   o f   the   po in t   o f  m a x i m u m  t h i c k n e s s   a t  30, 40, 50, 60, and 70 

percent  of t h e  body  length. The t h e o r e t i c a l   r e s u l t s   f o r   t h e   b o d i e s   w i t h  
maximum d iame te r   a t  30, 50, and 70 percent  of t h e  body  length  have  been 
g iven   prev ious ly   ( re fs .  7 and 1 0 ) ;  those   for   the   bodies   wi th  maximum 
diameter a t  40 and 60 percent   of   the   body  length  are  new and thus  complete 
the   compar isons   for   the   en t i re   se r ies  of bodies   t es ted .  Also included on 
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t h e   p l o t s   f o r   t h e   b o d i e s   w i t h  maximum diameter  a t  30, 50, and 70 percent  

o f  t h e  body  length  are  a second se t  of expe r imen ta l   r e su l t s   ( r e f .  10)  

ind ica ted   by   c losed   c i rc les .   These   resu l t s  were obtained when t h e  same 
models  used i n   t h e   o r i g i n a l  tes ts  in   t he   14 - foo t   t r anson ic  wind tunnel  

were t e s t e d   i n   t h e  Ames 12-foot   pressure wind tunne l   w i th   so l id   wa l l s  
under   choked  condi t ions  to   s imulate   f low  with Mm = 1. That   th i s   p ro-  
v ides ,   unde r   ce r t a in   r e s t r i c t ions ,   cond i t ions   t ha t   bea r   c lo se   r e semblance  

t o  an  unbounded  flow a t  Mw = 1 has  been  ver i f ied  by numerous i n v e s t i -  

g a t i o n s   ( r e f s .  10 and 3 7 ) .  It  may b e   s e e n   t h a t   t h e   p r e s s u r e   d i s t r i b u t i o n s  

c a l c u l a t e d   u s i n g   t h e   l o c a l   l i n e a r i z a t i o n  method a re   i n   e s sen t i a l   ag reemen t  
with  the  measurements i n  bo th  wind tunne l s   ove r   t he   fo rebod ies ,   bu t   t ha t  

subs tan t ia l   d i screpancies   appear  among t h e   r e s u l t s   f o r   t h e   a f t e r b o d i e s ,  

p a r t i c u l a r l y   f o r   t h e   b o d i e s   w i t h  maximum thickness   forward  of   the mid- 

po in t .  A s  n o t e d   o r i g i n a l l y   ( r e f .  lo), t h e   d a t a  from t h e  choked wind  

t unne l   a r e   gene ra l ly  on t h e   o p p o s i t e   s i d e  of t h e   t h e o r e t i c a l   c u r v e  from 

t h e   d a t a  from t h e   t r a n s o n i c  wind  tunnel .  

With r e spec t   t o   t he   d i sc repanc ie s   on   t he   a f t e rbod ies ,  many would 
d i s m i s s  f u r t h e r   d i s c u s s i o n   b y   a t t r i b u t i n g   t h e   d i f f e r e n c e s   t o  shock-wave 
boundary- layer   in te rac t ion   e f fec ts   no t   inc luded  i n  the  theory.   While 

t h e r e  i s  little d o u b t   t h a t   s u c h   e f f e c t s   a r e   i m p o r t a n t ,   t h e   c h a r a c t e r i s t i c  

diagram  given i n  f i g u r e  5 sugges t s   t ha t   t he   d i sc repanc ie s   a r e   due ,   a t   l ea s t  

in   par t ,   to   wind- tunnel -wal l   in te r fe rence .   This   d iagram shows the  charac-  

t e r i s t i c   l i n e s   f o r  an  unbounded  flow  with Mw = 1 p a s t  a parabol ic-arc  
body  of  revolution  with D/j = 1/12. They have  been  calculated  by 

apply ing   the   t ransonic   s imi la r i ty   ru le   for   ax isymmetr ic   f low  ( re f .  38) t o  

a r e l a t ed   d i ag ram  ( r e f .  39) c a l c u l a t e d   f o r  a parabolic-arc  body  of  revo- 

lu t ion   w i th  D/& = 1/6. The p o s i t i o n   o f   t h e   w a l l   w i t h   r e s p e c t   t o  a 6-inch 
diameter model i n  the  12-foot   pressure wind  tunnel  i s  as   ind ica ted ,  and 
the   nea res t   pa r t   o f   t he   wa l l  i n  t h e  tests in   t he   14 - foo t   t r anson ic  wind 
tunnel  i s  7/6 a s   f a r  away. Although it was t h o u g h t   a t   t h e   t i m e   t h e   t e s t s  

i n  the  14-foot   t ransonic  wind  tunnel   were  conducted  that   the   6- inch 

diameter  of  the  models was s u f f i c i e n t l y   s m a l l   t o   a v o i d   s i g n i f i c a n t   e f f e c t s  

of wind-tunnel-wal l   in terference,   th is   diagram shows tha t   such  may not  
be   the   case   because  Mach waves o r i g i n a t i n g  from t h e   f o r e p a r t   o f   t h e  body 

a r e   i n d i c a t e d   t o   b e   r e f l e c t e d  from t h e  w a l l s  o n t o   t h e   a f t   p a r t   o f   t h e  

body. I t  can be seen ,  fu r the rmore ,   t ha t   t he  most  upstream  reflected Mach 
wave s t r i k e s   t h e  body a t  about   x / j  = 0.6 i n   t h e   1 2 - f o o t  wind tunnel ,  
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and s l i g h t l y   a f t   o f   t h a t   l o c a t i o n   i n   t h e   1 4 - f o o t  wind tunnel .  The e f f e c t  
o f   t he   r e f l ec t ed  waves s t r i k i n g   t h e  body i s  t o  make the   p ressure   coef f i -  
c i e n t s  more negat ive i n  the  12-foot wind tunnel,   because  the  outgoing 
cha rac t e r i s t i c s   r ep resen t   expans ion  waves t h a t   r e f l e c t  from t h e   s o l i d   w a l l  
of the   t unne l   a s   r a r e fac t ion  waves. The e f f ec t s   a r e   ampl i f i ed ,  moreover, 
because  of  the  focusing  properties  of  the  reflected  axisymmetric waves a s  
they   co l lapse  down onto a p a r t  of t h e  body t h a t   h a s  a smaller  circum- 
f e rence   t han   t ha t  from  which  they  originated. The s ign  of the   cor res -  
ponding  effects   in   the  14-foot   t ransonic  wind t u n n e l  is  not so simple t o  
a s c e r t a i n ,   s i n c e   t h e   r e f l e c t i o n s  from t h e   p a r t l y  open wal l   of   that  wind 
tunnel   are   very  near ly   equal   in   magni tude,   but   opposi te  i n  s i g n ,   t o   t h a t  
o f   t he   r e f l ec t ions  from the  sol id   wal l   of   the   12-foot  wind tunnel.  I n  
a d d i t i o n   t o   t h e   d i r e c t   e f f e c t s   o f   t h e   r e f l e c t e d  waves  impinging on the  
r ea r  of t he  body, t h e r e   e x i s t s   t h e   d i s t i n c t   p o s s i b i l i t y  of s i g n i f i c a n t  
augmentat ion  ar is ing from t h e   i n t e r a c t i o n  of the  boundary  layer  with a 
shock wave t h a t  may form adjacent   to   the   body,  The l a t t e r  may form 
ei ther   because  of   coalescence of compression  waves  reflecting from the  
body or  because of  boundary-layer  separation  result ing from the  wal l -  
induced  steepening  of  the  adverse  pressure  gradients.  I n  e i the r   ca se ,  it 
is c l ea r   t ha t   cons ide rab le   add i t iona l   s tudy  w i l l  have t o   b e  made before  
it is  poss ib le   to   p roper ly   eva lua te   the   s ign i f icance   o f   d i screpancies  
between  theoret ical  and exper imenta l   p ressure   d i s t r ibu t ions  on t h e   a f t  
p a r t s  of s lender   bodies  of revolut ion.  For these  same bodies,  the  upper 
and lower c r i t i c a l  Mach numbers  have  been  calculated and are   p resented   in  
f i g u r e  3 a s  a funct ion of t he   l oca t ion  of maximum thickness .  I n  comparison 
w i t h   t h e   r e s u l t s  shown f o r   a i r f o i l s   h a v i n g   t h e  same p r o f i l e s  and thickness  
r a t i o ,   t h e   c r i t i c a l  Mach numbers for   the  bodies   of   revolut ion  exhibi t   the  

same gene ra l   va r i a t ion   bu t   a r e   subs t an t i a l ly   c lose r   t o  one.  This i s  i n  
keeping  with  the  concept  that  a  body  of  revolution  produces a much smaller  
d i s turbance   to   the   f low  than  an a i r f o i l  of i n f i n i t e  span.  Analogous t o  
the  two-dimensional  case,   moreover,   the  axisymmetric  results  indicate 
that ,   because  of   the  large  supersonic   values  of McrYU p red ic ted   for  
those   bodies   having   the i r  maximum th ickness   loca t ion   c lose   to   the   nose ,  
the   theory   should   be   appl ied   wi th   cons iderable   cau t ion   to   those   shapes .  

Flow-field  pressures . -   In   addi t ion  to   the  surface  pressure  dis t r ibu-  
t i o n s  on t h e s e   b o d i e s ,   t h e   p r e s s u r e   d i s t r i b u t i o n s   a t   v a r i o u s   l o c a t i o n s  
in   the   near   f low  f ie ld   have  been ca lcu la ted  and are   given i n  the  upper 
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p lo t s   o f   f i gu re  4, (a)  through ( e ) .  The f low  f ie ld   da ta   p resented  i n  
t h o s e   p l o t s   a r e  from t h e  Ames 14-foot   t ransonic  wind tunnel  and were 

measu red   a long   l i nes   pa ra l l e l   t o   t he  body a x i s   b u t  removed  from it by 

d is tances   o f  1, 2 ,  and 4 t imes  the maximum diameter  D of t h e  body. 
The t h e o r e t i c a l   r e s u l t s  were  calculated  by  using  equation (63)  toge ther  

w i t h   t h e   l o c a l   l i n e a r i z a t i o n   r e s u l t s   f o r  uB/U,, provided  by  integrat ing 
equation ( 2 5 ) .  Except   near   the  rear   of   the   bodies   where  effects   asso-  
c i a t ed   w i th   t he   d i sc repanc ie s   d i scussed  above fo r   t he   su r f ace   p re s su res  

a r e  i n  ev idence ,   t he   t heo re t i ca l  and exper imenta l   resu l t s   a re  i n  s a t i s -  

factory  agreement   for  r / D  a s   l a r g e   a s  4 f o r   t h e  50-, 60-, and 70-percent 

bodies ,  and a t   l e a s t  2 f o r   t h e  30- and 40-percent   bodies .   Deter iorat ion 

s e t s  i n  wi th   increas ing  r / D  f o r  any  body because of the  growing  viola- 

t i o n  of the  small  r approximation  of  the  theory,  and is  g r e a t e s t   f o r  

the  30-percent   body  because  of   the  greater   s t ra in  imposed on the   s lender -  
body  approximation  by  the  blunter  nose of t h i s  body.  Altogether,   the 

comparisons  indicate  a w i d e  reg ion   of   appl icabi l i ty  of t he   t heo ry ,   pa r t i -  

c u l a r l y  when cons idered   wi th   respec t   to   poss ib le   appl ica t ions  of t h e  
t ransonic   equivalence  rule   to   configurat ions  having  wings  or   re la ted 
ex t r emi t i e s  of  such s i ze   t ha t   t hey ,   r a the r   t han   t he  body,  provide  the 

ma jo r   con t r ibu t ion   t o  Cp a t   l a t e r a l   d i s t a n c e s   o f   t h e   o r d e r  of those 
f o r  which r e s u l t s   a r e  shown i n  f i g u r e  4. 

For two  of those  bodies  studied  above,  corresponding  comparisons  of 
sur face  and f low-f ie ld   p ressure   d i s t r ibu t ions   for   pure ly   subsonic  and 

purely  supersonic   f lows  are   presented i n  f i g u r e s  6 and 7 .  Figure 6 

e x h i b i t s   t h e   r e s u l t s  for free-stream Mach number Mm = 0.90 f o r   t h e  

30- and 70-percent  bodies.  With  the  exception of the  previously  discussed 
discrepancies  near  the  rear  of  the  bodies,   agreement  between  experiment 

and theory i s  q u i t e   s a t i s f a c t o r y .  The ca l cu la t ed  and measured  surface 
p r e s s u r e   d i s t r i b u t i o n s  compare qui te   wel l   for   bo th   bodies ,   whi le   the  

agreement  for  the  f low-field  pressures  for  the  30-percent body is  

reasonable  even  out  to r / D  = 4. 

The flow-field  comparisons  for  the  70-percent body a re  good up t o  

about x / J  = 0.6,  a t  which p o i n t   t h e   t h e o r e t i c a l   r e s u l t s  become  somewhat 

more negative  than  the  data.   Although we cannot  conclusively  confirm it, 

it seems r easonab le   t o   expec t   t ha t   fo r   t h i s  body the  discrepancy may be  

caused  by  separation  of  the  boundary-layer  just  beyond the  point   of  
maximum thickness.   This would  have the   e f f ec t   o f  making the   par t   o f   the  
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body a f t   o f  the sepa ra t ion   po in t   appea r   cy l ind r i ca l  t o  the outer  flow  and, 

a s  a consequence, would tend  t o  inc rease  the p r e s s u r e   l e v e l   i n  that  region. 
I n   f i g u r e  7 ,  the analogous theoretical and   exper imenta l   resu l t s   for   pure ly  
supe r son ic   f l ow  a t  Mw = 1.20 are p resen ted   fo r  the 70-percent  body. 
S i m i l a r   r e s u l t s   f o r  the 30-percent   body  are   not   given  s ince no  experimental 
r e s u l t s  are a v a i l a b l e  a t  f r ( . s - s t ream Mach numbers g r e a t e r   t h a n  the upper 
c r i t i c a l   f o r  this body; t h e   h i g h e s t   t e s t  Mach number repor ted  is  1.20, 
whereas   the  upper   cr i t ical   for   the  30-percent   body  having D/S = 1 / 1 2  is  

1.68.  For the  70-percent  body, w e  note  that   agreement  between  predicted 
and measured s u r f a c e   p r e s s u r e   d i s t r i b u t i o n  i s  good r i g h t  up t o   t h e  immediate 
v i c i n i t y   o f   t h e   s t i n g .   T h i s  is  r easonab le   s ince   i n   t h i s   ca se   t he   absence  
of   upstream  inf luence  should  minimize  the  effect   of   the   s t ing on the  f low 
ahead  of it. The f low-f ie ld   compar isons   ind ica te   tha t   the   p red ic ted  

p res su re  i s  somewhat h ighe r   t han   t he  measured r e s u l t s  on the  forebody and 
somewhat lower  on s t a t i o n s  beyond  about x/,l = 0.6. T h i s   e f f e c t  i s  
probably  caused  by  not   properly  account ing  for   the  regions  of   inf luence 
of the   f low  f ie ld .   For  example, t he   l oca t ion   o f   t he  shock  wave,  although 
not   o f   p r imary   impor tance   in   ca lcu la t ing   the   sur face   p ressure   d i s t r ibu t ion ,  
i s  v i t a l   i n   d e t e r m i n i n g  the ex ten t   o f   t he   r eg ion  of  influence.  Beyond 
t h a t   r e g i o n ,   i . e . ,   i n   f r o n t  of the  shock, no d i s t u r b a n c e s   e x i s t ,  so t h a t  
it is p rope r   t o   u se   t he   equ iva lence   ru l e   t o   ex t end   su r f ace   p re s su res   on ly  

o u t   t o   t h e   l a t e r a l   e x t e n t  of t h e  bow shock.  Thus, some of   the  f low-field 
r e s u l t s  shown i n   f i g u r e  7 ,  p a r t i c u l a r l y  on the  forebody,  have no doubt 
I-~t:en ex tended   l a t e ra l ly  beyond tha t   po in t .   Consequent ly ,   to   p roper ly  
account   for   f low-f ie ld   p ressure   d i s t r ibu t ions   about   these   bodies ,  it i s  
necessa ry   f i r s t   t o   de t e rmine   t he   shock   l oca t ion  and t h e n   t o   u s e   t h e  

cqu iva lence   ru l e   i n   r eg ions   w i th in   t ha t  domain. 

Nonaxisymmetric  Flows 

Nonlif t inq  bodieL-"suyfaceand  f low-field  pressures . -  A s  the f i r s t  
appl ica t ion   of  the t ransonic   equivalence  rule   to   nonaxisymmetr ic   f lows,  
w e  cons ider  a f ami ly   o f   bod ie s   w i th   e l l i p t i c   c ros s   s ec t ions   t e s t ed   i n   t he  
Ames 14-foot   t ransonic  wind tunnel .   Figure 8 p resen t s   t he   su r f ace   p re s -  
s u r e   d i s t r i b u t i o n s  measured  a long  the  extremit ies   of   the   major  and minor 

axes ( 8  = Oo and 90°) a t  Mw = 1 for   t h ree   bod ie s   hav ing   va lues   o f   1 .5 ,  
2.0, and 3.0 f o r   t h e   r a t i o  h = a/b of  major t o  minor  axes of t h e   e l l i p -  
t i c   c r o s s   s e c t i o n ,  and having  the same l o n g i t u d i n a l   d i s t r i b u t i o n  of c ros s  

45 



. . . . . . ." . . . 

s e c t i o n  area S = Tab as   the   parabol ic -arc   body  of   revolu t ion   wi th  

D / l  = 1 / 1 2  f o r  which r e s u l t s  are shown i n   f i g u r e   4 ( c ) .   A l s o   i n c l u d e d   i n  

f i g u r e  8 a re   t he   co r re spond ing   p re s su re   d i s t r ibu t ions   ca l cu la t ed   by   u s ing  

the   equ iva lence   ru l e   v i a   equa t ion  (50)  t o g e t h e r   w i t h   t h e   r e s u l t   p r o v i d e d  
by t h e   l o c a l   l i n e a r i z a t i o n  method  from equat ion ( 2 2 )  f o r  uB/Um on t h e  

equivalent  parabolic-arc  body. A s  in   the   p rev ious   compar isons ,   the   theo-  
r e t i c a l  and expe r imen ta l   r e su l t s  are i n  good agreement  except  near  the 

rear   o f   the   bodies ,   where  a t  l e a s t   p a r t  of t he   d i sc repanc ie s  must b e   a t t r i -  
bu ted   t o   t he   ex t r aneous   e f f ec t s  of the  wind-tunnel w a l l s .  Perhaps  the  most 
s t r i k i n g   f e a t u r e   o f   t h e   r e s u l t s  shown on f i g u r e  8 i s  the   smal lness   o f   the  

e f f e c t s  of t h e   e l l i p t i c i t y   o f   t h e   c r o s s   s e c t i o n .  

The c o r r e s p o n d i n g   r e s u l t s   f o r   t h e   f l o w   f i e l d  are shown i n   f i g u r e  9 

€ o r   t h e  body  having A = 3 .  A s  may be a n t i c i p a t e d  from t h e   r e s u l t s   o f  

f i g u r e  8 f o r   t h e   s u r f a c e   p r e s s u r e s ,   t h e   v a l u e   f o r  C a t  a given x are 
vir tual ly   independent   of   the   azimuthal   angle  8 ,  and are ,   fur thermore,   very 

n e a r l y   i d e n t i c a l   t o   t h o s e  shown i n   f i g u r e   4 ( c )   a t   t h e  same r / D  f o r   t h e  

equivalent   parabol ic-arc   body  of   revolut ion.   For   these  reasons,   the   f low 
f i e l d   r e s u l t s   f o r   t h e   o t h e r  two bod ies   o f   t h i s  series having  smaller  A 

have  been  omitted. 

P 

Analogous  comparisons  of  theoretical and measured  surface and  flow- 

f i e l d   d i s t r i b u t i o n s   f o r   p u r e l y   s u b s o n i c  and purely  supersonic   f low  are  

presented i n  f i g u r e s  10 and 11 f o r   t h e  body having h = 3. Figure 1 0  

e x h i b i t s   t h e   p r e s s u r e   d i s t r i b u t i o n s   a t  M, = 0.90 a long   t he   ex t r emi t i e s  

of the  major  and minor  axes ( 8  = 0 , 90°) both  on the   su r f ace  and a t  
p o i n t s   a t   t h e  same a n g u l a r   p o s i t i o n   b u t   l o c a t e d   a t   l a t e r a l   d i s t a n c e s   o f  

r / D  = 1, 2 ,  and 3 i n  t h e   f l o w   f i e l d ;   f i g u r e  11 p r e s e n t s   s i m i l a r   r e s u l t s  

f o r  Moo = 1.20 a t  one  angular   locat ion (8 = O o )  and  one flow-field  posi-  
t i o n  ( r / D  = 2 )  as   on ly   these   da ta   a re   ava i lab le   for   compar ison .  A s  with 

the   case   o f  M, = 1.00 flow  about  this  body,  the  agreement  between  theory 
and  experiment i s  q u i t e  good fo r   bo th   su r f ace  and f low-field  pressure 
d i s t r i b u t i o n s .  We note   again  the small e f f e c t   o f   t h e   e l l i p t i c i t y   o f   t h e  

c r o s s   s e c t i o n ;   a t  a l a t e r a l   d i s t a n c e  of r / D  = 2 ,  f i g u r e  1 0  shows t h a t   a t  

M, = 0.90 t h e   f l o w   f i e l d  i s ,  f o r  all pract ical   purposes ,   axisymmetr ic .  

Although  data   are   avai lable  a t  on ly   one   angular   pos i t ion   for   the   f low  a t  

Mm = 1 . 2 0 ,  t h e o r e t i c a l   r e s u l t s   i n d i c a t e   t h a t   t h i s  weak e f f e c t   o f   t h e  
e l l i p t i c i t y  also pers i s t s   in to   the   pure ly   supersonic   f low  reg ime.  I n  
t h i s   c a s e ,  it i s  in t e re s t ing   t o   obse rve   w i th   r ega rd   t o   t he   compar i son   o f  

0 
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t h e   f l o w - f i e l d   r e s u l t s  a t  r / D  = 2 t h a t   a t   p o i n t s   n e a r   t h e   n o s e ,  the d a t a  
a re   t ending   toward   zero   whi le   the   theory ,   o f   course ,   d i sp lays   e f fec ts  
a s s o c i a t e d   w i t h   t h e   l o g a r i t h m i c   s i n g u l a r i t y   a t   t h e   n o s e .  A s  w i th   t he  
resu l t s   for   pure ly   supersonic   f low  over   the   body  having  maximum th ickness  
a t  70 percent   of  i t s  l e n g t h   g i v e n   i n   f i g u r e   7 ,   t h i s   s e r v e s   t o   d e m o n s t r a t e  
aga in   t ha t   i n   r eg ions   nea r   t he   nose ,   t he   t heo re t i ca l   r e su l t s   have  
undoubtedly  been  overextended  into  the  f low  f ie ld  beyond t h e  bow shock. 

L i f t i n g   b o d i e s  - sur face   p ressures . -  A s  t h e   f i r s t   a p p l i c a t i o n   t o  a 

l i f t i n g  body, w e  have  considered  f low  with Mm = 1 pas t   the   parabol ic -  
a r c  body  of  revolution  with D / d  = 1 / 1 2  fo r   wh ich   t he   r e su l t s   fo r   ze ro  
angle   o f   a t tack   a re  shown i n   f i g u r e   4 ( c ) .   E x p e r i m e n t a l   r e s u l t s   f o r   t h i s  
body  obtained i n  t h e  Ames 14-foot   t ransonic  wind tunne l   ( r e f .  19)  a t  
angles of a t t a c k  a = 2 ,  4, and 6O a re  shown i n   f i g u r e  1 2  f o r   f i v e  l i n e s  
a long  the  surface  of   the  body,  namely 8 = 0 , +40°, and +goo. Also 
included on t h o s e   p l o t s   a r e   p r e s s u r e   d i s t r i b u t i o n s   c a l c u l a t e d   b y   u s i n g  
the   r e su l t s   o f   t he   t r anson ic   equ iva lence   ru l e   g iven   by   equa t ion  ( 5 5 )  

with A = 1 together   wi th  ug/Uw ca lcu la t ed  from  equation ( 2 5 )  . I t  i s  

evident   that   agreement  is  good along  most  of  the  length  of  the  body,  while 
s ign i f icant   d i screpancies   occur   near   the   rear ,  much a s  i n  the   case   o f   the  
non l i f t i ng   bod ie s .  The s imi l a r i t y   o f   t he   compar i sons ,   pa r t i cu la r ly   a t  
the  smaller   angles  of a t t a c k ,   t o   t h o s e   f o r  a = 0 shown i n  f i g u r e   4 ( c )  
lend  support   to   the  idea  that   wind-tunnel-wal l   in terference  effects   are  
s i g n i f i c a n t l y   a f f e c t i n g   t h e   r e s u l t s   a l o n g   t h e   r e a r  of t h e  body. 

0 

0 

Similar   comparisons  of   theoret ical  and expe r imen ta l   r e su l t s   fo r  
l i f t i n g   b o d i e s  of e l l i p t i c   c r o s s   s e c t i o n  i n  f low  with Mw = 1 a r e  shown 
i n   f i g u r e s  13 ,  14,  and 1 5  for   bodies   having   va lues  1 .5 ,  2 .0 ,  and 3.0 f o r  
t h e   r a t i o  A = a/b  of  major  to  minor  axes.  A l l  three  bodies   have  the 
same long i tud ina l   d i s t r ibu t ion   o f   c ros s   s ec t ion   a r ea   a s   t he   pa rabo l i c -a rc  
body  of D/R = 1 / 1 2  f o r  which r e s u l t s   a r e  shown i n   f i g u r e s  4 ( c )  and 1 2 .  

The expe r imen ta l   r e su l t s   a r e  from  reference  19 and  were  obtained i n   t e s t s  
i n  t h e  Ames 14-foot   t ransonic  wind tunnel ,  and are   thus   d i rec t ly   comparable  
t o   t h o s e   p r e s e n t e d   i n   f i g u r e s   4 ( c )  and 1 2  for   the   equiva len t   parabol ic -arc  
body  of   revolu t ion   tes ted   in   tha t  wind tunnel .  

The comparisons show tha t   t he   t r ends   a l r eady   desc r ibed   fo r   t he  body 

of   revolu t ion   a re   repea ted ;  good agreement  occurs  along  most  of  the  length 
of  each  body, and n o t a b l e   d e t e r i o r a t i o n  sets i n   a l o n g   t h e   r e a r   p a r t .  The 
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v a r i a t i o n   w i t h  8 of the   d i f f e rences   be tween   t he   t heo re t i ca l  and experi-  

menta l   p ressures   tha t  becomes increas ingly   ev ident  as a i s  i n c r e a s e d   t o  

6O sugges t s   t ha t   add i t iona l   e f f ec t s   hav ing  a nonaxisymmetric  character 

a r e   p re sen t   a long   t he   a f t   po r t ion  of these  bodies.   Although we cannot 
conclusively  confirm it, we a r e   i n c l i n e d   t o   c o n j e c t u r e   t h a t   t h e   e x p e r i -  

menta l   resu l t s   a re   beginning   to   be   in f luenced  by vortex  separat ion  caused 
by the   c ros s f low  ve loc i ty  component,  as is  f ami l i a r   a t   bo th   subson ic  and 

supersonic   speeds.   Support   to   this   suggest ion i s  l e n t  by  examination  of 
t h e   p r e s s u r e   d i s t r i b u t i o n   r e s u l t s   f o r   t h e  8 = 0 s t a t i o n  on these   bodies  
as   bo th   the   angle   o f   a t tack  and t h e   e l l i p t i c i t y   a r e   i n c r e a s e d .  Agreement 

between  theory and expe r imen t   fo r   t ha t   s t a t ion   fo r   t he  body  of  revolution 

( f i g .  1 2 )  remains   sa t i s fac tory  up t o  70 percent   o f   the  body l e n g t h   a t   t h e  

smaller   angles  of a t t a c k  ( a  = 2O, 4O) , w h i l e   a t  a = 6 the   da ta   begin  

t o   d e p a r t  from the   theory   a t   approximate ly  65 percent  of t he  body  length. 

Th i s   e f f ec t  becomes more pronounced  as   the  ra t io  A of  major t o  minor 

axes   increases ,  so t h a t   f o r   t h e  most e l l i p t i c  body ( A  = 3 ) ,  t h e   p o i n t   a t  
which  disagreement  occurs  has moved up to   approximate ly  45 percent  of 

body length.  On the   o ther   hand ,   agreement   a t   the   o ther   angular   s ta t ions  
( 0  = 240°, +goo) remains  quite good f o r   a l l   f o u r  of   these  bodies   even  a t  

a = 6 . Now i f ,   a s   t he   ang le   o f   a t t ack  i s  increased ,   the   c ross f low i s  
u n a b l e   t o   n e g o t i a t e   t h e   c u r v e   a t   t h e   l a t e r a l   e x t r e m i t i e s  of these  bodies  

( 0  = O o ,  180°) and separat ion  subsequent ly   occurs  somewhere i n  t h a t   v i c i n i t y ,  

then   exper imenta l   p ressure   d i s t r ibu t ions   for   separa ted   f lows   about   b luf f  

ob jec ts   such   as   c i rcu lar   cy l inders  and spheres   ( re f .   40)   ind ica te  a l a r g e r  

pressure  would e x i s t   a t   t h a t   l o c a t i o n   t h a n   i n d i c a t e d  by  theory.   Since  the 

data   display  this   tendency  and,   as  i s  c h a r a c t e r i s t i c  of vortex  separat ion 
phenomena, because   t h i s   e f f ec t  becomes more pronounced  as  the  angle  of 

a t t ack   i nc reases ,  we suspec t   t ha t  a l imi ted   reg ion  of vortex  separat ion 
e x i s t s  on the   l ee   par t s   o f   these   bodies   beginning   a t   approximate ly   the  

8 = 0 meridian  but   not   extending  to   the 40° s t a t i o n .  

0 

0 

0 

0 

Analogous  comparisons  of  theoretical and measured  surface  pressure 

d i s t r ibu t ions   fo r   pu re ly   subson ic  and purely  supersonic  f low  are  given i n  
f i g u r e  1 6  and 1 7  f o r   t h e  body having h = 3. Figure 1 6  d i s p l a y s   r e s u l t s  
a t  Mm = 0.90 and f i g u r e  1 7  a t  Ma = 1 .20 .  The trends  that   were  observed 

f o r   t h e  Mm = 1 cases   a re   a l so   p resent   for   the   pure ly   subsonic  and 

supersonic  flows.  For  the 8 = +40°, +90° stat ions,   agreement  i s  good f o r  

a l l   t h ree   ang le s   o f   a t t ack   ove r   t he   ma jo r i ty   o f   t he  body  length  with 
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significant  discrepancies  occurring  only  near  the  tail; for the 8 = 0 
station,  the  point at which theory and data  clearly  depart  moves  from 
approximately 7 5  to 45 percent  of the body  length  as  the  angle of attack 
is  increased to 6 . 

0 

0 

Pressure  distributions on slender  winq-body  combinations.- In order 
to demonstrate how the  present  results can be extended to predict  tran- 
sonic  flows  about  more  complex  configurations, we have considered  two 
particular  wing-body  combinations. It is  instructive,  however,  first to 
recall  the  example  of  the  thin  cone-cylinder,  or  equivalently,  a  cone 
of  finite  length,  considered  theoretically  in  reference 6, experimentally 
in  reference 41, and  summarized in  reference 9. In general,  the  ordinates 
of the  upper  surface of the  cone  are  given by 

where m is the tangent of the  semiapex  angle of the planform, I is 
the  length  of  the  cone, and t  is  the  maximum  thickness of the  cone. 
The elliptic  section  in  the  plane  x = x1 thus has major and minor 
semiaxes a = m x l  and b = txl/2i,  and cross  section  area 
s(x,) = Tab = ~rtmx;/21. Although  the  theory was developed  generally,  the 
pressure  distribution has been  measured  for  only  one  example,  namely  that 
defined by m = 1/2 and  t/J = 0.06. If we  consider  the  cone  to be a 
triangular  wing,  such  values  correspond to an aspect  ratio of 2 and a 
thickness  ratio  of 0.06.  The  equivalent  body of revolution  is  a  slender 
cone with semiapex  angle LD = (mt/2B) which  in  this  instance  is  equal 
to 0.1225 radians  or 7O. Equations (36) and  (51)  could be used  for G2, 

sure  distribution to adopt  the  usual  practice of thin  wing  theory and 
evaluate  these  quantities on the  wing  surface  approximated to be at z = 0 
and for -mx y 2 mx. With  the  additional  neglect of b2 compared  with 

and $2 but it  is  much  simpler  for  the  calculation  of  the  surface  pres- 

a2, %,t and may be approximated by 

uwtmx 
” 

%,t - 2 7 
J 
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where the   uppe r   s ign  i s  t o  be used  on the   upper   sur face  and the   lower   s ign  

on the   lower   sur face  of t h e  wing. With t h e   i n t r o d u c t i o n  of t h e   f u r t h e r  

approximation  customary  in   wing  theory  that   the   pressure  coeff ic ient  i s  

given  by 

it w a s  shown i n   r e f e r e n c e  6 t h a t  

where  the  convention  concerning  upper and lower  s igns still holds ,  and 

B 
r e p r e s e n t s   t h e   p r e s s u r e   d i s t r i b u t i o n  on t h e   s u r f a c e  of the  equi-  

valent  body, a c i rcu lar   cone-cyl inder ,  a t  zero  angle  of a t t ack .  If t h e  
method of l o c a l   l i n e a r i z a t i o n  i s  used t o   d e t e r m i n e   t h e   l a t t e r ,  w e  have 

t h a t   ( r e f s .  7 and 9)  

f o r  0 2 x/Q 2 1/3, and 

(105a) 

Figure 18 shows sketches of t h e  wing  of m = 1/2, z = 0 . 0 6 ,  the   equi -  

va l en t  body of r e v o l u t i o n ,   t h e   p r e s s u r e   d i s t r i b u t i o n s  on each a t   z e r o   a n g l e  

of   a t tack ,  and the   aerodynamic   loading   or   d i f fe rence   in   p ressure  

nP/qm - - ( c p ) ~ ,  Q - (Cp)W,u  on t h e  two s i d e s  of the  wing,  where  subscripts 
1 and u denote  the  lower and upper  sides  of  the  wing.  For  these  parameters 

(Cp) - (Cp) = -0.0364 
W B 
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for   zero  angle   of  

where s = m x  is 
r e s u l t s ,  shown i n  

a t t a c k ,  and 

the  semispan  a t  a d i s t ance  x from t h e  apex.  These 
the   p lo t s   o f   f i gu re   18 ,   a r e   s een   t o   be   i n   s a t i s f ac to ry  

agreement  with  the  experimental   results  of  reference 41. Moreover,  they 
se rve   t o   i l l u s t r a t e   t ha t   t he   ae rodynamic   l oad ing ,  and t h e r e f o r e   t h e   l i f t  
and o t h e r   l a t e r a l   f o r c e s  and  moments, on low-aspect-ratio  wings and s lender  
bodies depend e n t i r e l y  on @2,a; tha t   these   quant i t ies   a re   independent   o f  
free-stream Mach number; and t h a t   t h e y   a r e   t h e  same as   indicated  by 
l inearized  slender-body  theory  for  subsonic  or  supersonic  f low. 

Although  the two p l o t s  of f igure   18  show t h a t   t h e   d i f f e r e n c e s  i n  
pressure  between  re la ted  points  on the  wing and equivalent  body  of  revo- 
l u t i o n   a r e   p r e d i c t e d   s a t i s f a c t o r i l y  by the   t ransonic   equiva lence   ru le ,  a 
similar  comparison of the   absolu te   va lues   for   the   p ressures  would not 

display  qui te   such good agreement  because  of  the  occurrence  of  unexpectedly 
l a rge   i n t e r f e rence   e f f ec t s   o f   t he   wa l l s .  To emphasize  this   point ,  
f i g u r e  1 9  from reference 9 has   been  included  to  show the  pressure dis t r i -  

bution  measured i n  t he  Ames 2-foot  transonic w i n d  tunnel on t h e   c i r c u l a r  
cone-cylinder  of  f igure 19,  toge ther   wi th   the   cor responding   resu l t s  
measured on the  same model,  of length 5.50 inches,  i n  the  Ames 14-foot 
t ransonic  wind  tunnel ,  and t h e   t h e o r e t i c a l   r e s u l t s   i n d i c a t e d  by  equa- 

t i o n  ( 1 0 5 ) .  The content ion  that   the   differences  between  the  experimental  
r e s u l t s  and the  theory  are   due  pr imari ly   to   wind-tunnel-wal l   in terference 
i s  supported  not   only  by  the  fact   that   the   differences  are   less   for   the 
t e s t s  i n  t h e   l a r g e r  wind tunne l ,   bu t   a l so  by  a t h e o r e t i c a l   a n a l y s i s   c a r r i e d  
out by the   exper imenter   ( re f .   42) .   S ince   these   var ious   resu l t s   sugges t  
t h a t   t h e   d i f f e r e n c e s  i n  pressure   a re  more r e l i a b l e   t h a n   t h e   a c t u a l   l e v e l  
of t he   p re s su res  measured in   t he   2 - foo t   t r anson ic  wind tunnel ,  we conclude 
that   the   evaluat ion  of   the  t ransonic   equivalence  rule  i n  f igure   18  i n  
terms  of  pressure  differences i s  not   on ly   jus t i f ied ,   bu t   appropr ia te .  

From the   p receding   ana lys i s  and appl ica t ions ,  it is  bu t  a s h o r t   s t e p  
to   the   s imple  wing-body  combinations  of  figures 20  and 21.  I n  both  examples, 
a f l a t   p l a t e   t r i a n g u l a r  wing  of  zero  thickness i s  combined with a s lender  
body  of  revolution. I n  f igu re  20 ,  t he  body is a s lender  cone  with i t s  
apex a t   t h e  nose  of  the  wing; i n  f igu re  2 1 ,  it i s  a t runcated  parabol ic-arc  
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body  of  revolution  attached  to  the  wing  in  such a way tha t   t he   w ing   roo t  

extends from 25 t o  75 percent  of  the  complete  body  length. I n  o r d e r   t o  

r e l a t e   t h e   r e s u l t s  most d i r ec t ly   t o   t hose   d i scussed   p rev ious ly   he re in ,  

t h e   a s p e c t   r a t i o  of t h e  wing i s  t aken   t o   be  2 ,  t h e  semiapex  angle  of  the 
con ica l  body t o  be 7O, and t h e   d i a m e t e r - l e n g t h   r a t i o  D / J  of  the  complete 
parabol ic-arc   body  to   be 1 / 1 2 .  A t  zero  angle   of   a t tack,   the  wing does 

not   a f fec t   the   f low,  and the   p re s su re   d i s t r ibu t ion  is t h e  same as  on t h e  

su r face ,   o r   a t   t he   co r re spond ing   po in t   i n   t he   f l ow  f i e ld ,   o f   t he   i so l a t ed  

body a s   i l l u s t r a t e d  i n  t h e   l e f t   p a r t s  of   these   f igures .  The pressure  

d i s t r i b u t i o n   a t   z e r o   a n g l e  on the  body  of t he   con ica l  wing-body  combina- 
t i o n  is  thus  given  by  equation (105), and t h a t  on the  wing a t  a d i s t ance  

r from the   ax i s  and  x from the  apex,   as   measured  a long  the  axis ,  i s  

given  by  equation (66)  with S (x)  = r R 2  = ru2x2 and %/Urn = - 3 [(C ) + m2] . 
N o  comparable   analyt ic   expressions  can  be  c i ted  for   the  pressure  dis t r ibu-  

t i o n  on the  second  wing-body  combinat ion-at   zero  angle   of   a t tack,   i l lus-  
t r a t e d  i n  t h e   l e f t   p a r t  of f i g u r e  2 1 ,  b u t   t h e   r e s u l t s   a r e   t h e  same a s  
ind ica ted  i n  f igure   4 (c)   for   the   cor responding   po in ts  on the  body sur face  

and in   the  surrounding  f low.  

P B  

The aerodynamic  loadings shown i n   t h e   r i g h t   p a r t s   o f   f i g u r e s  2 0  and 

2 1  have  been  computed  using  equation ( 2 1 )  f o r  C equation (35)  f o r  @, 

equat ion   (44)   for  q2 , t ,  and the  fol lowing  expression from references  31 
PY 

and 42 for % a :  

i n  which the   s ign  i s  pos i t i ve   fo r   t he   uppe r   ha l f -p l ane  0 < 8 < K and 

negat ive  for   the  lower  half-plane K < 8 < 2 n ,  and where a, = a,  (x) and 
s = s ( x )   r e p r e s e n t   t h e   l o c a l   r a d i u s  of t he  body and the  semispan  of  the 
wing.  For t h e   s p e c i f i c  examples  described  above 
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€or the   con ica l  wing-body  combination;  and 

f o r   t h e  wing-body  combination  with  the  parabolic-arc  body. Upon car ry ing  
out   the   ind ica ted   opera t ions ,   the   fo l lowing   express ions   a re  found f o r   t h e  
aerodynamic  loading 

on the  wing, and 

( l l l a )  

on the  body. Although we a r e  unaware  of  any  experimental  data  with  which 
t h e s e   o r   r e l a t e d   r e s u l t s  may be compared, the   genera l ly  good agreement 
displayed i n  the  preceding  comparisons of p re s su re   d i s t r ibu t ions  on t h e  
bodies and wings  separately  suggest   that   correspondingly good agreement 
is  to   be   an t i c ipa t ed   €o r   t he  wing-body  combinations. 



CONCLUDING REMARKS 

Analys is  and associated  development  of  computational  programs  have 

been  conducted  in   order  t o  deve lop   ca l cu la t ive   t echn iques   fo r   p red ic t ing  
p r o p e r t i e s   o f   t r a n s o n i c   f l o w s   a b o u t   c e r t a i n  classes o f   a i r f o i l s  and 

s lender   bodies .  The theo re t i ca l   ana lys i s ,   wh ich  i s  based   on   the   loca l  
l i n e a r i z a t i o n  method in  the  case  of  two-dimensional  f low,  combines  that  

method wi th   the   t ransonic   equiva lence   ru le   for   s tudying   the   p r imary  case 
o f   i n t e r e s t ,  i . e . ,  three-dimensional   t ransonic   f lows.  

For the  two-dimensional  case,  programs  have  been  developed  for 

nonl i f t ing   f lows   about   symmetr ic   a i r fo i l s   wi th   o rd ina tes   descr ibed   by  

z - (x  - x n )   o r  (1 - x - (1 - x ) n )   f o r  the 

e C a l c u l a t i o n   o f   s u r f a c e   p r e s s u r e   d i s t r i b u t i o n s   f o r  Mm z 1, 

Mm < M c r , l ,  and Mer, u < Ma3 

c a l c u l a t i o n  of M c r , &  and Mer, u 
Resu l t s  of c a l c u l a t i o n s  from these programs  demonstrate  the  remarkably 
w i d e  e x t e n t  of t h e   t r a n s o n i c   r a n g e   f o r   t h e s e   a i r f o i l s ,  and comparisons  of 

t h e o r e t i c a l  and e x p e r i m e n t a l   r e s u l t s   a t  Mm = 1 serve  to  complete  compari-  

sons   for  an e n t i r e   s e r i e s   o f   a i r f o i l s   i n v e s t i g a t e d   e x p e r i m e n t a l l y  and t o  

reaf f i rm  conclus ions   regard ing   the   no tab le   accuracy   of   the   loca l   l inear i -  
z a t i o n  method. The d i f f e rences   i n   t he   compar i sons   t ha t   a r e   appa ren t   nea r  

t h e   t r a i l i n g   e d g e  w e r e  examined to   determine  whether   they  might   be  a t t r i -  

b u t a b l e   t o  a p u r e l y   i n v i s c i d   e f f e c t   a s  would be t h e   c a s e   i f   t h e   l o c a l  Mach 

number immediately  upstream of the   t r a i l i ng   edge   were   no t   h igh  enough f o r  
an obl ique  shock  to   turn  the  f low  through  the  required  angle  so t h a t  
detachment and movement of the s h o c k   o n t o   t h e   a i r f o i l   s u r f a c e  would occur.  
For a l l   t h e   a i r f o i l s  tes ted,  t h e   l o c a l  Mach number was s u f f i c i e n t   i n d i -  

c a t i n g   t h a t   d i f f e r e n c e s   b e t w e e n   t h e o r e t i c a l  and experimental   pressure 
d i s t r i b u t i o n s   o v e r   t h e   a f t   p o r t i o n   o f   a i r f o i l s   w i t h   s m a l l   o r   m o d e r a t e  

t r a i l i ng -edge   ang le s  must involve  viscous  processes .  

For  three-dimensional  axisymmetric  transonic  flows  about  bodies  of 

r evo lu t ion  w i t h  r ad ia l   coo rd ina te s   desc r ibed   by  R - (x - x ) o r  

(1 - x - (1 - x)  ) ,  programs  have  been  developed  for 

n 

n 

e Calcula t ion   of   sur face  and f l o w - f i e l d   p r e s s u r e   d i s t r i b u t i o n s   f o r  

Moo =: 1, < M c r , J ’  and Mcr ,u  < Ma3 

Ca lcu la t ion  of M c r , i  and Mcr ,u  
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and for  three-dimensional  nonaxisymmetric  transonic  flows  about  parabolic- 
arc bodies  having  elliptical  cross  sections, for 

0 Calculation  of  surface and  flow-field  pressure  distributions  for 

Mm =: 1, Ma, < Mer, a,  and  Mcr ,u < Mm for  nonlifting  flows 

0 Calculation of surface  pressure  distributions  for Mm = 1, 

Mm < Mer, and Mcr,u < Mm for  lifting  flows 
Altogether,  comparisons  of  results  predicted by the  above  programs 

and data  obtained  from  wind-tunnel  tests  demonstrate good  general  agree- 
ment,  indicating  that  the  local  linearization  method  is  capable of pro- 
viding  accurate  solutions  €or  flow  properties  on  the  surface of a  large 
class  of  axisymmetric  shapes,  that  the  transonic  equivalence  rule  is 
able  to  account  satisfactorily  for  moderate  nonaxisymmetric  effects  caused 
by body  shape and lift, and also  that  it  can  successfully  extend  results 
for  flow  properties  calculated  on  the  body  surface  out to moderate  dis- 
tances  in  the  flow field. 

For  the  axisymmetric  bodies  studied,  the  predicted  surface  and  flow- 
field  pressure  distributions  are  in  essential  agreement  over  the  fore- 
bodies  of  all  the  bodies  tested  both  with  measurements  taken  in  the  Ames 
14-foot  transonic  wind  tunnel and  the Ames  12-foot  solid-wall  wind  tunnel 
operating  under  choked  conditions.  Near  the  rear  of  these  bodies,  however, 
all  three  sets  of  results  diverge  widely,  with  the  data  from  the  choked 
tunnel  generally  falling  on  the  opposite  side of the  theoretical  curve  than 
the  data  from  the  transonic  wind  tunnel.  These  facts,  combined  with  the 
characteristic  diagrams  for  these  bodies,  indicate  that  in  addition to the 
expected  shock-wave  boundary-layer  interaction  effects  occurring  on  the 
aft  sections of these  bodies,  measurements  taken  on  the  bodies  considered 
herein  in  those  wind  tunnels  are  subject  to  substantial  wall  interference 
effects.  Results  for  the  extent of the  transonic  regime  for  these  bodies 
indicate  a  much  smaller  range  than  the  corresponding  results  for  the  two- 
dimensional  cases,  emphasizing  the  fact  that  an  infinite  wing  creates  a 
much  larger  flow  disturbance  than  a  body  of  revolution  of  the  same  thick- 
ness  ratio.  Moreover,  the  flow-field  comparisons  indicate that,  because 
of the  strain  imposed  on  the  slender-body  approximation by the  blunter 
forebody of the  bodies  having  their  point of maximum  thickness  close  to 
the nose, applications of the  theory as it is presently  constituted  should 
be  made  with  caution  to  those  particular  shapes. 
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R e s u l t s  f o r   t h e   n o n l i f t i n g   s u r f a c e  and f low-f ie ld   p ressure   d i s t r ibu-  

t i o n s  on t h e   p a r a b o l i c - a r c   b o d i e s   w i t h   e l l i p t i c   c r o s s   s e c t i o n   i n d i c a t e   t h e  

remarkably   smal l   e f fec t   o f   the   e l l ip t ic i ty   o f   the   c ross   sec t ion  and t h e  
rapid  tendency of t h e   f l o w   f i e l d   t o  become axisymmetric. The l i f t i n g  

su r face   p re s su re   d i s t r ibu t ions   fo r   t hose  same bod ies   a t   ang le s  of a t t a c k  
up t o  6 sugges t   t ha t ,   i n   add i t ion   t o   t he   e f f ec t s   d i scussed   p rev ious ly  

wi th   r ega rd   t o   d i sc repanc ie s   nea r   t he   r ea r   o f   t he   bod ie s ,   t hese   expe r i -  
men ta l   r e su l t s   a r e   a l so   be ing   i n f luenced   by   vo r t ex   s epa ra t ion   ove r   pa r t  

o f   t he   l ee   su r f ace  due t o   t h e   c r o s s f l o w   v e l o c i t y  component. 

0 

To demonstrate how t h e   p r e s e n t   r e s u l t s   c a n   r e a d i l y   b e   e x t e n d e d   t o  

more  complex conf igu ra t ions ,   su r f ace   p re s su re   d i s t r ibu t ions  and loadings 
have   been   ca lcu la ted   for  a conica l  wing-body  combination  having a f l a t -  

p l a t e   t r i a n g u l a r  wing and a  more genera l   conf igura t ion   cons is t ing   o f  a 

truncated  parabolic-arc  body and  a f l a t - p l a t e   t r i a n g u l a r  wing. 

I n  conclusion, we emphasize  that   the  procedures  by  which  these  results 
have   been   ob ta ined   a r e   no t   r e s t r i c t ed   t o   t he   pa r t i cu la r  examples se l ec t ed  

fo r   d i sp l ay  i n  t h i s   r e p o r t ,   b u t   p o s s e s s  much g rea t e r   gene ra l i t y .  Moreover, 

t h e   q u a l i t y  of the  agreement   with  experimental   resul ts  i s  s u f f i c i e n t l y  

good, p a r t i c u l a r l y  when cons idera t ion  i s  g iven   t o   t he  numerous  shortcomings 

inherent   in   t ransonic   wind- tunnel   t es t ing ,   tha t  it is  p o s s i b l e   t o  go forward 

t o  more complicated  configurat ions  with  confidence  that   the   analysis  i s  not  
on ly   capable   o f   be ing   car r ied   ou t ,   bu t   tha t   the   resu l t s  w i l l  be   of   suff i -  

c ient   accuracy to be  useful   to   aerodynamicis ts .  We suggest,   furthermore,  

t ha t   pa ra l l e l   expe r imen ta l  work be  conducted  to  determine  surface  and. 

f l ow- f i e ld   p re s su re   d i s t r ibu t ions  on se l ec t ed  wing-body  combinations so 
t h a t   t h e   e x t e n t   t o  which the   theory   can   be   appl ied   to   conf igura t ions   o f  
t h i s   na tu re   can   be  more c l ea r ly   de f ined .  

Nielsen  Engineering & Research,  Inc. 
Mountain V i e w ,  C a l i f o r n i a  

J u l y  2 2 ,  1970 
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I 

APPENDIX A 

LISTING OF "IO-DIMENSIONAL  COMPUTER  PROGPAMS 

C DQOGR43 FOQ D F T E 9 M l N l N G  THC SVBSOYIC  PRESSUQE  DISTRIBUTION FOR 
C FQEE  STREAV MACH  NUMSERS  LEJS  THAN THE LOWER C R I T I C A L  ON 
C   N O N L 1 F T l N G   S Y M M E T Q l C   A I R F O I L S   H A V I N G   O R D I * l A T E S  Z P R O P O S I I O N A L  T O  
C X-X4.N OR I - X - l l - X l * * N  B Y  U S I Y G  THE ~ E T t l ( l 3  OF L O C 4 L  L l ~ t 4 R I Z A T I O N  
C - FOR  REFERENCE  SEE  SP9EITER. J.R. A I D  A L K I N E .  C. 1 . 9  NAhA T U  1 3 5 9  
C 
C 
C*......t...*.*......t.l..l.tl......**.*.*****..***~***~*..*****.~..**.** 
C THE  INPUT  DATA FOR T H I S  PROGRAM  ARE ALL  REAL  CONSTANTS AND 4XE I N -  
C PUTTED ON ONE CAR0 95  FOLLOWS 
C COLUMNS 1 TO lO - -LOCATIO9   45   FRACT13N OF CHORD l X / C I  OF POSITION 
C qF   VAX lMUY  THICKNESS OF A I R F O I L  
C COLUMNS 11 TO 2D- -F INENESS  RA113  OF 4 l R F ' J I L  
C COLIIMNS 2 1  TO 7 O - - R b T 1 0   O F   S P E C I F I C   n E 4 T j  OF 6 4 s  
C  COLUMNS 31 TO 40--FRFE  ST9FAM MACH VU'PSEF 
C  COLUMNS 41 TO 5 0 - - I N T E Q V A L  S I Z E  -5 F R A C I l ' J h  CIF CAOR3 i O R  PRESSUSE 
C D I S T R I E U T I O Y  PRINT-OUT 

Y=Y'd% 
I F   I F Q R I G T . ~ . E - ~ I  GO TO 5 

G O  To 9 
6  WRITE 14.71 
7 FORU41  l5XZOHEXECUTlON  lEQMINATEO/5X87HTHE  VALUE OF THE  EXPONENT N 

1 CANNOT  BE  DETERMINED TO WITHIN - 0 1  PERCENT I N  20 I T E R A T I O N S 1  

8 'WRITE l b t 6 O l I  
GO T O  1 

1QIIF 1 6 . 6 0 7 1  X M T  
Y R I T E  1 6 . 6 6 3 1  F 
WQlTF 1 6 ~ 6 0 1 1 1  N -  

Y Q I T F   1 6 . 6 0 6 1  M 
d Q l T F   1 6 . 6 0 5 1  GAMM4 

Y 9 1 T F  15.2011 

USO.W.'l 
4=1N~~INllN-l.IIII(IN-l.1.3.14159271 

F A C = M 5 0 * 1 G A ~ r ( A r l . I I F  
S l ~ F A C = l 1 . / I F . F . M S O + l ~ A U ~ A + l . 1 1 l ~ + 1 1 . / 3 . 1  
XI=luSO-l.I/lFAC*+I2~/3.11 

Y E X P l 2 1 = 3 4 . 6 4 9  
N E X P l 3 1 = 1 9 . 1 7 3  
NEXP141=12.215 
N E X P I 5 1 = 8 . 3 9 6  

NEXP171=4.482 
NEXP161=6.044 

N E X P I B I - 3 . 3 8 9  
NEXP191.2.595 
N E X P f 1 0 1 = 2 . 0 0 0  
DO 1 0 1  I = l r 9  
J.10-I 

101 N E X P l I * l O I = Y E X P I J I  
1 READ  15.21 XYT.FIGAMMA~M,DX 
2 FORMAT  f5E10.41 

WRITE  16 ,2001  
200 FORMAT I I H I . 3 9 X 6 4 H C A L C U L A T I O N  OF SURFACE  PRESSURE  DISTR16UTION FOR 

1 DURELY  SUB50NIC / 4 0 X 5 9 H F L O W   @ V E R   A   N O N L l F T l N G   > Y H M E l P I C   P l R F D l L  
ZHAVING  ORDINATES 2 I 4OXBlHPRDPORTlONAL T O  X-X**N OK I - X - l l - X I * * N  
3 8 1  U S I N G  THE METHOO  OF  LOCAL L I N E A R I Z A T 1 5 V  / / / I  

?01 FORMAT I 1 H  . 5 X ~ l H X . 1 2 X . 5 H C P B A R . 1 4 X . 2 H C P / / I  
I F  I X ~ T . G E . ~ . I D R . X M T ~ L E . ~ . I  GO T O  333 
I F  fF.LT.O.1 GO TO 701 
I F  l G A ~ M A ~ L T ~ I ~ ~ O R ~ G A M ~ A ~ G T ~ l . 6 6 ~ ~  GO TO 3 0 5  
I F  I~.GT.I..ORIM.LE~O.I GO T f l  3 0 6  
I F  IDX.LE.O..OR.DX.CT.l.l  GO T O  307  
DO 1 1.1.19 
J.1-1 
I F   I X V T K S I I I - X M T I   3 9 4 . 5 1  

3 CONTINUE 
4 N = W X P I I I  

GO TO 5 0  

I F  IXYTeLT. .5I  4=1.-XMT 
Y I T . 0  

.. . 

5   N l = N - I .  
NIT=NIT+l 

ANlrA**Nl 
I F  INIT.GT.201 GO T O  6 



F U N C T I O N   F C T l X I  
REAL N 

COMMON XM1.N 
EXTERNAL  FUN 

COMMON / E t L K l /   2 - 2 1  
z=x 
I F  IXMTaGE..5I GO T O  1 
Z l = l l ~ - X l + + l N - l ~ ~  
GO TO 2 

1 Z l = X * * I N - l . I  
2 X L I O .  

XU-1. 
NIT.10 
T0L.I.E-4 
C A L L   S I M P  I X L . X U ~ N I T . N l T 1 , T O L ~ F U N ~ A N S I  
I F  INIT1.EP.OI  GO T O  5  
I F  fXt47.GE.051 GO T O  3 
OERIV=-l.+N*IIl.-XI~*~N-l.lI 
GO TO 4 

4 F C T = N * A N S - O E R I V r A L O G I 1 1 . - X I / X I  
3 O E R I V . l . - N ~ I X + + l N - l . I I  

5 W R I T E  I b r b l  X 
6 FORMAT  1/5X2BHEXECUTION  TERMINATE0  AT X  = , E l 2 . 5 / 5 X l l Z H i H E  INCOMPR 

l E S S l R L E  PRESSURE  INTEGRAL  COULD NOT OE OETERMlNEO T O  .01   PERCENT I 
2N 1 0   I T E R A T I O N S  USING SIMPSONS  RULE)  

RETURN 

FCT=-100 .  
RETURN 
END 

F U N C T I O N   F U N I Y l  
REAL N.NUH 
COMMON XMT,N 
COMMON I B L K I I  Z 1 2 l  
IF IABSIZ -Y I .LE .1 .E -51  GO TO 3 

N U H r Z l - l I ~ - Y l + ~ l N - l ~ I  
IF IXHT.GE..51 GO T O  2  

R E l U R N  

GO TO 1 

F U N ~ l N - l ~ l * I l l ~ - Y 1 + + I N - 2 ~ 1 I  
RETURN 

RETURN 
EN0 

1 F U N = N U M t l Y - Z I  

2 N U M = Y + * l N - l . 1 - Z 1  

3 I F  IXMT.GE..51 GO TO 4 

6 F U N : f ~ - I . I ' l Y * ~ l N - 2 . I I  

SVBQnUTlhlE S I Y P ~ X L . X U ~ N I T ~ ~ I T I I T O L ~ F U N , A N S ~  

H = l X U - X L ) / 2 .  
NTT1= !0  

SUUI=FUNIXL)+FUNIXUI 

A N S = H + ~ S U H ~ + ~ . + S U M Z I / ~ .  
SUM?=FUNIXL+HI 

N=Z  
00 3 I = l * N I T  
A N S I - A N S  

H = H / Z .  
N=N*2  

SUM3.O. 

DO 1 K = l r n N L l M 1 2  
NLIM=N-1 

AK=K 

ANS=H*~SUM~+Z.+SUMZ+~.*SUM~~/~. 
I F I P R S ~ A N S I . L E I I . E - ~ I  GO TO 2  
E R R = A B S I A N ~ ~ / A N S - I . )  
IF 1ERR.LE.TOLI RETURN 
GO TO 3 

I F  IERR.LT.1.E-51  RETURN 

NIT1.0 

E  NO 
RETURN 

1 S U M 3 = S U ~ 3 + F U N l X L + H r A K l  

2 ERR-AEtS(ANS-&NSI l  

3 SUHZ=SVM2+SUM1 



C PQOGRAM FOR DETEQMINING THF  SUPERSONIC  DRE55URE J I I T R I B I I T I O N  FOR 

C N O N L I F T I N G   S * M M E I R I C   A I Q F O I L S   , 3 r i V l N G   0 9 D I N 4 4 1 E S  L D R O P W I 1 3 N 4 L  73 
C FQEF  STRFAM  MACH  NUMBERS  A90VE THE LIDPER CRITICAL FOR 

C PUTTED 09 ONE CARD 4 s  FOLLOWS 
C C f l L U W S  1 TO I O - - L O C A T I O N   4 5   F Q A C T I O * I  OF CHORC IX IC I  @ F  P O S I T I O N  
c OF MAXIMUM THICKNESS OF AIRFOIL 
C COLUMNS 11 TO ?O--FINEE*ESS  RA110 nF 4 1 9 F 7 1 L  
C COLUqNS 2 1  TO 70"RATIO  3F   aPECIF IC   HEATS OF SA5 
C COLUMNS 31 TO &O--FREE  STQEAu VACH YUM3ER 
C COLUMNS 4 1  TO 5 O " I N T E R V A L   5 I Z E   4 s   F R A C T I O N  0 ;  Cr09,j FOR ? R E j S d R E  

~....f.'f...'*.*+.'+..~**.**~.,.*****~*****~....*...~..****.*..~.*.~..*. C D I S T R I B U T I O N   P R I N T - O U T  

C 
C 

D I M E N S I O N   X M T K S I 1 9 l ~ N E X P l 1 9 )  
REAL M . M S O . N I N ~ ~ N E X P * N U M I N E W N  

X * I T K S I l l = . O Y  

1 0 0  X * I T ~ S I ! I = X M T K S 1 1 - 1 1 + . 0 5  
no 100 1 ~ 2 . 1 9  

N E X P l 1 1 = 8 8 . 7 3 1  
N E X P 1 2 1 = 3 5 . 6 4 9  
N E X P l 3 1 = 1 9 . 1 7 3  
NEXP141=12.215 
NEXPl51.8.396 
N E X P 1 6 ) = 6 . 0 4 4  
N E X P l 7 1 i k . 4 8 2  
N E X P 1 8 1 i 3 . 3 8 9  
NEXP191-2.595 
N F X P l 1 0 1 = 2 . 0 0 D  
DO 1 0 1   l = l r 9  
J=lO-I 

101 N E X P l I r l O l = N E X P I J I  
1 READ  15.21 XMTIFIGAMMA.M.DX 
2 FORMAT I S E l O . 4 1  

W R I T E   l 6 r Z O O l  
200 F O R I l A T l 1 H 1 ~ 3 9 X 5 5 H C A L C U L A T I O N  OF SURFACE  PRESSURE D l 5 T ? I B U I I O N  FOR 

IPURELY  I5OX58HSUPERSONIC  FLUM OVER A N O N L I F T I N G   5 Y M M E T I I I C   A I R F O I L  
Z H A V I N G   I 4 O X 5 9 H O R O I N A T E S  Z PROP'IRTlON4L TO X - X * * N  OR I-X-II-XI.+N B 
7Y USING I k O X 3 2 H T H E  METHOD  OF  LOCAL L l N E 4 R Z l l 1 0 ? 1  / / / I  

701 FORMAT I 1 H  ~ ~ X . I H X , I Z X I ~ H C P B A R . ~ ~ X ~ Z H C P / / I  

I F  IXMT.GE~l.~OR~XMT~LF.O.l GO T O  303 
IF 1F.LT.O.I GO TO 304 
I F  I G A M M A . L T . l ~ ~ O R ~ G A H M A . G T . ~ . 6 6 7 1  GO  TO 305 
I F  IM.LT.1.L GO TO 3 0 6  
IF IDX.LE.O..OR.OX.GT.~.I GO 13 307 
00 3 1 - 1 # 1 9  
J = I - 1  
I F   I X U T K S I I I - X H T I   3 1 4 r 5 1  

3 CONTINUE 
4 N = N E X P I I I  

GO TD 5 0  

5 N l = N - l .  
NIT.NIT+~ 
I F  INIT.GT.201 GO T O  6 

6 W P I T F  16.71 
"" . " 

7 Fn9uAT  ISXZOHEXECUTICN  TER" I INATED/5X87HTHE  VALUE  OF THE EXPONENT N 
1 CdYNOT  BE  DETCRMINED TO 1l l l14IN  .01  PERCENT I N   2 0   I T E R A T I O N S I  

4 W Q I T E   I 6 . 6 O l I  
G O  T O  1 

1 0  

1 1  

5 = 1 1 . - X l * * I N - 1 . I  
SL~JPF=A*IN*S-I.I 
GO T O  1 1  

S L O P E = A + I I . - N * S l  
5 - X l t l N - 1 . 1  

FAC1=X132-1.5*SLOPE 
IF IFAC~.LE.O.I  GO lo  1 2  
F 4 C I z I F A C I I ' * l 2 . / 3 . 1  
C D B A R = 2 . * I X I - F A C l I  
CP=SlMFAC*CPOAR 
WRITE  16 .3011   XsCPRARlCP 

X=X+nX 

GO Tn 1 
I F  IX.LT.1.I GO TO q 

301  FORMAT I 1 H   ~ E 1 0 . 4 ~ 2 1 5 X ~ E I 2 . 5 1 I  

1 7   W D l T F   1 6 . 3 0 7 1  
307 F @ R u 4 1 1 / 1 l l H  PROGRAM  HAS  TERMINATED  BEC4USE  SPECIFIED  FREE  STREAM 

l U 4 C H  NUMBER M 1 5  LESS  TH4N THE UPPER C R l T I C A L  MACH  NUMBER 1 
GO T O  1 

400 FORM41 1 1 4 3 ~  X u 1  MUST BE GREATER  THAN 0 AND LESS THAN 1 1 
303 WRITE 1 6 ~ 4 0 0 1  

401 F O R I I 4 1  I I 4 3 H   F I N E N E S S   R A T I O  F MUST  BE  GREATER  THAN  ZERO I 
7 n 4  WRITE 1 6 . 4 0 1 1  

GO TO 1 

r.n rn I -_ " . 
? 0 5  W Q I T F   1 6 r 4 0 2 1  
402 F O W 4 T   I l 6 5 H   Q A T I O  OF S P E C I F I C   H E A T S  MUST BE GREATER  THAN 1 AND L E  

1 5 5  THAN 5 / 3  1 

7 0 6   V Q l T E   ( 6 , 4 0 3 1  
403 F O U u A T l I l O O H   F R E E   S T Q E 4 M   M A C H  NUMBER MUST BE GREATER  THAN  THE  UPPE 

GO T O  1 

I R  C Q l T l C 4 L   U 4 C H  NUMBER  WHICH I S  GREATER  THAN 1 I 
GO TO 1 

3 0 7   W Q I T E   1 6 r 4 0 4 L  
404 FORMAT I I B O H  I N T E R V A L   S I Z E  FOR  PRESSURE D l S I R l B U l l O H   P R I N T - O U T  MUS 

I T  BE  GREbTER  THAN 0 AND L E I S  THAN 1 1 
GO  TO 1 

6 0 1  FORMAT I 6 X   7 R H A I R F O I L  4 N D   F L O W . F l E L 0   C H A R A C T E R I S T I C S  / / I  
6 0 7  FnRvlT I I H   . 3 2 H h l R F O l L  MAX. THICKNESS A T  XIC = .3X.E12.51 
6 0 3  FORMAT I 1 H   v I 9 I i F I N E N E S S   R A T I O  F = . 1 6 X * E I 2 . 5 1  

6 0 5  EOPM4T ( l H  .Z6uRATlO OF SPECIF IC   HEATS = 1 9X.El2.51 
604  FQRuAT I I H  r35uEXPONEIIT N F 0 9   A I R F O I L   O R D I N A T E S  = 3E12.51 

6 0 6  FORMAT I1H  s28HFREE  STREAM MACH  NUHSER M i r 7 X 1 E 1 2 . 5 I I l  
E YD 

F Q R = I B S l N / N E W N - I . I  
Y = Y E w u  



0 C PROGRAM  FOR DETERMINING  THE  SURFbCE  PRESSURE  O lS fR lBUT lON  FOR  FREE 
0 C STREAM  MACH NUMSER M  AT OR NEAR I F O 9   N O N L I F T I Y G   S Y q M E T Q I C  

C   A I R F O I L S   H A V I N G   O R D I N A T E S  Z P R O P O R l l O N b L  TC X - X * * N  OR l - X - f l - X I t * N  
C 5 Y  U S I N G  THE M E T H O D   O F   L O C A L   L I N E 4 R I Z A T I O N  - F3R 2 E F E R t Y C C  :€E 
C   SPREITFR.  JI R A  AND L L K S Y E .  A. Y . ,  YASb T Q  I 3 5 9  
C 
C 
~'. ."~."*. . f . f* . . ' * .**** .*~*************.****~~****~~****.~.* .***~.*~* 

C   T H E   I N P U T  DATA  FOR T H I S  PROGRAM  ARE A L L   R t A L   C O h b I A N T S   A k U   A R L  Ik- 
C  PUTTED ON ONE  CbRO A5  FOLLOWS 
C  COLUMNS 1 TO lO - -LOCATION  AS  FRACTION OF CHORD l X l C 1  OF P O 5 l I I O N  

C  COLUMNS 11 T O  2 0 - - F l N E N E S S   R A T I O   O F   A I R F O I L  
C  OF  MAXIMUM  THICKNESS OF A I R F O I L  

C  COLUMNS 2 1  IO 30"RATIO OF S P E C I F I C   H E A T S  OF GAS 
C  COLUMNS 3 1  TO 40--FREE  STREAM  MACH NUMBER 
C  COLUMNS 41 TO 5 0 " I N T E R V A L   S I Z E   A S   F R A C T I O N  OF  CHOR3 FOR PRESSURE 
C   D l S T R l B U T l O N   P R I N T - O U T  
~.r*.rrr...r.++r..++****....+.lr..l+***..~***..~******.**~****.***~. 
C 
C 

R E A L  1 Y T G R L . Y l U S Q l N r N l . N E W Y ~ N E X P . N U H  
COnMOu  XMTIN 
D I M E N S I O N  X 1 1 0 2 5 1 . F I 1 0 2 5 1 r X M T K S I 1 9 1 r N E X P l 1 9 1  

DO 100 1-2.19 
X Y T K S I l l = . 0 5  

100 X M T K S l I I - X M T K S l 1 - 1 1 + . 0 5  

N E X P l 2 1 i 3 4 . 6 4 9  
N E X P f l 1 = 8 8 . 7 3 1  

N E X P 1 3 1 - 1 9 . 1 7 7  
NEXP141=12.215 
NEXPf31.8.396 
N E X P 1 6 1 - 6 . 0 4 4  
N E X P I 7 1 = 4 . 4 8 2  
NEXP181=3.389 
N E X P f 9 1 - 2 . 5 9 5  

DO 101 1-1.9 
N E X P l 1 0 1 - 2 . 0 0 0  

J - 1 0 - 1  
101 N E X P l I + I O I = N E X P l J I  

2   FORMAT  I5E10.41  
1 READ  15.21  XMT.FINVGAMMA~MIDX 

W R I T E  f 6 1 2 0 0 1  
2 0 0  FORMATllH1.39X60HCALCULATlDN OF  SURFACE  PRESSURE  DISTRIBUTION FOR 

2 T R l C   A I R F O I L S   / 4 O X 6 0 H H A V I N G   O R O I N A T E S  2 PROPORTIONAL TO X-X+*N OR 
l FREE  STREAM  /50XbOHMACH NUMRER fl AT OR NEAR 1 FOR N O N L I F T I N G  SYMME 

3 1 - X - I l - X l * * N   B Y   1 4 0 X 3 9 H U S l N G  T H E   M E T H O D   O F   L O C A L   L I N E A R 1 Z A T I O N / / / l  

I F l F I N . L E . O o 1  GO TO 3 0 4  
I F  IXMT.GE.l..OR.XMT~LE.O.l GO TO 303 

I F  I G A M ~ 4 ~ L T ~ l ~ ~ O R ~ G A M f l A ~ G T ~ l ~ b 6 7 1  GO TO 305 

no 3  1=1.19 
I F  IOX.LE.O..OR.OX.GT.~.I GO T O  301 

S E N T 1 . A B S I X M T K S I I I - X H T I  

3   COYT lYUE 
4 N - N E X P I I I  

I.XYT 

I F l r O S - S E N T I )   3 1 4 . 4  

.. . 
I F  IXMT.LT..51  A=l.-XMT 

5 N1.N-I. 
NIT.0 

N I l = N I T + l  
I F  I I I IT .GT.201 GO T O  6 
A N l = A * + N l  
HUM=I.-N*ANl 
D E N O M ~ - A N l ~ l N ~ A L O G I A l + l ~ l  
N E Y N r N - I N U M I D E N O M I  
ERR=A.RSIY/NEWN-I . I  
N=NFYN 
I F  1ERR.Gl.I.E-41 GO TO 5 
GO TO 8 

6 W R I T E   1 6 1 7 1  
7 FORPAT 1 5 X 2 0 H E X E C U T I O N   T E R M I N A T E D / 5 X 8 7 H T H E   V A L U E  OF  THE  EXPONENT  N 
1 CANNOT  BE  DETERMINED TO W I T H I N   - 0 1  PERCENT I N   2 0   I T E 9 A T l O Y S l  

GO TO 1 

6 0 1  F ? ? ' . ' A T   1 1 -   . S X 3 B H A I R F O I L   A N ?   F L O L   F I E L D   C H A R A C T E R I S T I C S  / / I  

bn7 F;IRUAT I 1 H   . 3 ? P A l Q F O I L  MAX. TrIC9YESS A T  X/C = . 3 X v E 1 2 . 5 )  

R ' X Q l T E   1 6 , 6 G 1 1  

W Q l T F   1 6 9 6 5 2 1  X " I T  

W Q I T F   ( 5 . 6 3 3 1   F I N  

WQlTF   16 .6041  V 

W R I T E   1 6 , 6 0 5 1  G4MMA 

6'l? F T 7 ' A A T  I l H  .19HF1PIENESS  R4TIO  F  = .16X.E12.51 

6 0 4  FORMAT  11H  935HEXPONENT  N   FOR  A IRFOIL   ORDINATES = ~ € 1 2 . 5 1  

6 0 5  FORVAT f 1 H   e 2 6 H R b T I O  OF S P E C I F I C   H E A T S  = 9 9 X v E I Z . 5 1  

4 0 6  F?R'*AT l1H  v28UFREE  STQEAM  MACH  NUMBER fl = , 7 X 1 E 1 2 . 5 / 1 1  
* R I T E   f 6 r 6 0 6 1  Y 

U S 3 = Y * M  
31=fNtflY/fN-I.Il1/IN-l.I 
? 2 = h . + C 1 1 0 1 / 3 . 1 4 1 5 9 2 7  
SIUFAC=11./IFIN+FlNrMSQ+IGAMMA+I.I11++11./3~I 
~ 1 = f ~ S ~ ~ f G 4 U M A + 1 1 l / F I N l f ~ 1 2 . / 3 . 1  
X I = l U S Q - l . l l X l  

C 
C   C 4 L C l J L A T I O N   O F   S O N I C   P O I N T  
C 

C A L L   S O N P T I X S r F S I  
I F l A 9 S 1 X S + 1 . 1 ~ L E . l . E - 5 1  GO T O  1 

C 
C THE  FOLLOWING  CARD  COMPUTE  THE  SURFACE  PRESSURE  DISTRIBUTION 
C 

7 5 C  FORuAT I l H O ~ S X ~ 1 H X ~ I 2 X ~ 5 H C D R P 4 . 1 4 X . Z H C P / / I  
WRITE  16.2501 

x?=nx 
I F  fXS.LT.O.11 GO T O  50 
GP TO 10 

40 XO.XO+DX 
5 0  I F  f . 0 9 - X O I   1 0 * 4 0 . 4 0  

GO To 5 0  

XI11.XS 

DO 11 1'2.5 
F f l I = F S  

11  F f I I = I N T G R L l X I I I l  
X l I I . X f I - 1 1 + H  

SU~l=f-~.+FflI-1fl.rFf21+18.~F131-6~.F(41~Ff5ll+~2 
S U M I = S U H l + l - F l I 1 + 6 . ~ F I 2 I - ~ R ~ ~ F 1 3 1 + 1 O . * F l 4 l + 3 . . F 1 5 1 l * * ~  
S ~ J ~ ? = f F l l l - 8 . ~ F f 2 I + ~ . * F l ~ I - F f 5 1 1 ~ ~ 2  
~ ~ ~ ~ ~ ~ 3 ~ * F ~ I I - 1 6 ~ ~ F ~ 2 l + 3 6 1 . F 1 3 1 - 9 B . . F 1 4 1 + 2 5 ~ ~ F l 5 l I r ~ 2  
C P 1 = 1 4 . ' S U H 1 + 2 . * S U M Z + S U M 3 1 1 1 4 3 2 . ' H I  
141.4 
K = l  

1 2   J = N I + 1  
H = H / Z .  
NI-NI .2  
N N = N I + I  
00 1 1  l - l r N N 1 2  
I I = Y N + l - I  
X f l l l = X I J I  
F I I I I = F l J I  

10 H - f X O - X S 1 1 4 .  

13 J=J-1 

14 F f I I = I N T G R L I X I I I 1  
XIII.XS+AI*H 

S U M l = f - 3 ~ + F I 1 I - l O ~ ~ F I 2 l + l B ~ ~ F l 3 l - 6 ~ * F l 4 l ~ F f 5 l 1 + * 2  
S U M 1 ~ S U M 1 + f - F I N I - ~ 1 + 6 ~ + F I N I " I B I . F I N I - ~ l + 1 0 ~ ~ F I N I l + 3 ~ * F I N I + l l l ~ *  

J J = N l - Z  
DO 1 5  I = 4 * J J . 2  

U u . y l - 1  
SUu7=0.  
00 I 6  1=3*HMr2 

1 7  

1 5  S ~ l W l = S U M l + f F I I - ? I - R . * F I I - l I + R ~ ~ F f I + l I - F l I + Z l l ~ ~ 2  

1 6  SU~?=SUM2+1FfI-?1-9~*FlI-1I+8.*FII+lI-FlI*211~+2 



SUM3=l3.*FlN1-31-l6..Fo'36~'F(NI-ll-48~*F1Nll+25.~F1N~+ll1~~2 
C P 2 = 1 4 . + S U Y l + 2 . ~ S U M 2 + S U ~ ~ 3 1 / 1 4 3 2 . . H I  
I F  IABSICP2l .LF. I .E-31 GO T O  3 0  
E R R = A E S I C P I / C P 2 - 1 . 1  
I F  IFRR- .Q311  20 .20117 

I F  IFRR-.00001I 2 0 r 2 0 1 1 7  
7 0  E Q R = A R S I C P I - C P ? I  

1 7   1 F   1 K - 9 1  18,1fl119 
1 8  K = K + l  

CPI=CL7 . . "  
GO TO 1 2  

1 0 3  FORMAT  115X28HEXECUTION  TERMINATED AT X = vE12.5/5X107HTHE 
1NTERGRAL OF THE  PRESSURE  COEFFICIENT  C4N NOT BE OETERMINEO 
Z l N  . I  PERCENT I N  10 I T E R A T I O N S  I 

19 Y Q I T E   1 6 ~ 1 0 3 1  X0 

70 

2 1  

1 04 
72 

GO TO 1 
I F  1XO.GT.XSI GO TO 2 1  
c p 2 = - c p 2  
C D 3 = l r ) ? * C D 2 1 ~ ~ 1 1 . 1 3 . 1  
CDRAR.2..XI+CP1 
CP=SIYFLC*CPRAR 
GO TO 2 2  
c P 3 = I o 2 + c P 2 l * * I 1 . / 3 . 1  
CPBAR*Z.*XI-CP3 
CPzSIMFACICPBAR 
W R l T E   1 6 . 1 0 4 1  XOBCPBARICP 
FORMAT {In rE10.4.215X11PE 12.51 I 

OUTER I 
T O  W I T H  

23 XOZXOtDX 

I F  11.01-XOI 1*10.10 
I F  1AESIXO-XSI.LE.1.E-3I GO TO 24 

7 b  ( " 7 - 0 .  

907  WOITF  16 ,4001  
400 F O R u A l  I 1 4 3 H  X U T  MUST BE GREATER THAol 0 AN0  LESS  THAN 1 I 

304 YQITF 1 6 . 4 0 1 1  
401 FORMAT I / 4 3 H   F I N E N E S S   R A T I O  F MUST RE  GREATEQ  THAN  ZERO I 

GO Tn 2 1  

G n  Tn 1 

3 0 5   W R I T E   1 6 r 4 0 2 1  
402 FORMAT  1165H  RATIO OF S P E C I F I C   H E A T S  MUST BE  GREATER  THAN 1 A N 0   L E  

GO TO 1 

155 THAN 5 1 3  I 

107 H R l T F  16.4361 
404 FORMAT I189H l N T E R N A L  S I Z F  FOR  PRESSURE 0 1 S T Q 1 W T I O N   P R I N T - O U T  MUS 

GO TO 1 

1 T  RE  GREATER  THAN 0 AND LESS  THAN 1 I 
GO T O  1 
END 

SUBROUTIolE  SONDTIXS.FS1 
QEAL  INTGRL 
COMMON XM1.M 

C  CALCULATION OF  APPROXIMATE  LOCATION OF SONIC POINT 
111.05 

Z=H 
IF IXYT.LT. .Z .OR.XYT.G1. .81  H=.01 

F l = l N T G R L I Z I  
I F I X ~ T . G T . . E I  Z=.5 

F 7 = l H T G O L I Z I  
OO=F7 

1 Z-Z+H 
F O = F l  

2 F ? = I N T G R L I Z I  
F l = F 2  

91 =-FO+F2 
SGN=nO*Ol  
I F   I S G N l  b . 4 ~ 3  

00 TO 1 

2 = Z + H  

9 no=n1 

C L O C L T l n V  @F  SONIC POINT IS NOW OETERHlNED T O  W I T H I N  -01 PERCENT BY 
c IUSIYG A  PARAROLIC INTERPOLATION 

4 X0.Z-H 
X7.XO-H 

F Z = I H T G R L I X 2 1  
X1.Z 

F O = l N T G R L l X O l  
F I - I N T G R L I X I I  
x s i x o  
XERR=10. 

5 hl.N+l 
N = - 1  

I C  IN.GT.201 GO T O  12 
QX1.XI-XO 
n x ? = x o - x z  
n X S U u = D X 2 + D X l  
D X O I F F = D X 2 - D X I  
A = D X ? * F l  
R = D X l * F Z  
C=DXSUM*FO 
AuUu=A*DX2-R+DX1-C*DXOlFF 
CENOM-IA+8-C1+2. 

n L n x s = x s  
I F l A R S I I F N O M l ~ L E . I . E - 6 l  GO T O  499 

X S = X O - l A k ~ M / O E Y O M l  

X F R R = A B S l 3 L 7 X S / X S - 1 . )  
F S = I N T G W L I X S I  

7 X7ZXO 
GO TO 5 

f21f0 
x0:x5 

FO-FS 
GO T O  5 

. -  
x f l = x 7  

F l = F O  
x7.x5 

F O - F ?  

G l  T n  5 
f7=f5 

10 X I - X O  
x o = x s  
F l = F I I  
FO=FS 

1 1  XI.XS 
GO TO 5 

F I = F S  
v T r )  5 

7 7  W I T c  lh.2011 



2C1 F O R U A T 1 1 5 X 2 O H E X E C U l I O N   T E R M I N b T E D 1 5 X 9 2 H T H E   L O C A T I O N  OF  THE  SONIC  P 
l O I N T  CAN  NOT  RF  r)ETER\IINED TO W I T H I N  - 0 1  PERCENT I N  2 0   I T E R A T I O N S 1  

X S = - 1 .  
QETURN 
END 

F U N C T I O N   I N T G R L I X I  
REAL  1NTGRL.N 
FXTERNAL  FUN 

I F  fFDD.LF.TOL!  RETURN 
G3 TO 3 

I F  1ERR.LE.l.E-61  RETURN 
7 E R R = A E S l A N S - A N S 1 1  

3 SUM?=SUM2+SUM3 
N I I 1 = 0  
RETURN 
END 

5 FORUAT f / 5XZBHFXEC'JT ION  TERMINATED  AT  X = v E 1 2 ~ 5 / 5 X 7 5 H T H E   I N N E R  I N  
I T E G R A L   I N V O L V E D   I N   D E T E R M I N I N G   T H E   P R E S S U R E   O I S T R l B U T l O N   A T   M = 1  .I 
2  5XBOHCANNOT BE CALCULATED 10 W I T H I N  - 0 1  PERCENT I N  10 I T E R A T I O N S  
SUSING  SIMPSON-S  RULE I 

STOP 
END 

F U N C T I O N   F U N l Y l  
REAL NINUM 
COMMON XHT r Y  
COMMON / r l L K l /  Z9Z1 
I F  I A R S I Z - Y I . L F . 1 . E - 3 1  GO TO 3 

3 FUNIO. 
GO T O  1 

RETURN 
END 



C PROGRAM FOR DETERMINING THF L O W ~ R   C R I T l C 4 L  MACH NUMBEQ FOR Y O N L I F T  
C  ING  SYMUETRIC  A IQFOILS  H4VlF IG  OROI ' IATES L PROPORIIONAL 10 X-)l*th 
C OR I - X - I l - X I * * N  B V  USING  THE METHOD  OF L O C 4 L   L I N E A R I Z A T I O ~ - - F O R  QE 
C  FFRENCE  SEE  SPRE1TER.J.R.  AN0  ALKSNE,4.Y..NA>A T Q  1 3 5 9  
C 
C 
~.. '*. '* '*. . . ' ff ' .** 'ttl .tt.t lt lttt.+l.t~******.**~.*~.*~*******~****.~* 

C  THE  INPUT  DATA FOR TU15 PROGRAM ARE ALL +<AL C O I Y > T A N l >  AN3 i R t  Ih -  
C DUTTEO ON ONE ( 4 9 0  15 FOLLOWS 
C COLUMNS 1 TO IO--LOCATlON 4 5  F P A C T l O N  OF CHORC I X I C I  CF POSITlOh 
C OF  MAXlWJM  THIC<YESS OF A I R F O I L  
r Cr)LUUYS I 1  TO 7 0 - - F I N E t I F S S  R A T I S  CF 4 1 Q F S I L  

~ * . . . . r + * + + + r + + ~ r . + + * ~ * * * * . * * . ~ * * ~ ~ * * . ~ * * . * * * . * * * * * . * . * . ' ~ * ~ , . ~ * * * ~ . * * . .  
c 
C 

r COLUMNS 21 TO * O - - R ~ T I O  OF SPECIFIC H F ~ T S  3~ ~ , 4 3  

c 0 M w - m  XMT.N 
REAL Y . N l N l r N E Y Y l t ~ E W M I ~ E W Y , N E X D , N U M  

D I M E N S I O N   X u T K S I 1 9 1 ~ N E X P l I 9 1  
X Y T K S I 1 1 = . 3 5  
00 100 l = 2 , 1 9  

N F X P I 1 1 - 8 8 . 7 3 1  
N E X P 1 2 1 = 3 4 . 6 4 9  
N F X D I 9 1 - 1 9 . 1 7 9  
N E X D 1 4 ) = 1 2 . 2 1 5  
N E X D l 5 1 = 8 . 3 9 6  
NEXP161=6.044 
NEXP171'4.482 

I n n  X ~ ~ K S I I I = X M T ~ S I I - ~ ) + . ~ ~  

101 
1 
2 

NEXP181=3.389 
NEXP191-2.595 
*EXP~10)=2.000 
no 101 1.1.9 
J - 1 0 - 1  
N E X P I I + I O I = N E X P I J )  
RFbn 1 5 9 2 1  XMT.FIGAY'1A 
FORMAT I3E10.41 
T b l l = l . / F  ." _. . 

200 FORMATIIH1~39X58HCALCULATlON OF  LOYER C R I T I C A L  MACH NUMBEQ FOR A FI 
I O N L I F T I N G   / 4 0 X 5 9 H S Y M M E T R I C   4 1 R F 3 1 ~   H A V I N G   O R L I I Y A T E S  2 PROPORIIONAL 
2 TO X - X * * N   1 4 O X 5 8 n O R   l - X - l l - X I + * N  81 U S I N G  THE METnOO OF LCCAL L I Y  
3 E A R I Z A T I O N  / / / I  

Y R I T E  1 6 * 2 0 0 1  

IF IXMT.GE.I . .ORIXHT.LE.O. I  C O  TO 303 
IFIF.LE.O.1 GO T O  304 

DO 1 1 = 1 * 1 9  
IFfGAMWA.LT.I.~OR~GAMMA.GT.).6671 GO TO 9 0 5  

J m l - 1  
I F   I X M T K S I I I - X M T I   1 . 4 . 5 1  

4 N = N F X P I I I  
? CONTINUE 

m TO 50 

8 Y Q I T r   l b . 6 0 1 1  
GO TO 1 

WQITE  15 .6021 X ' T  
W Q I T F   1 6 . 6 0 3 1  E 

W 9 1 T E  1 6 . 6 0 4 1  Pi 

W Q I T E  1 6 . 6 0 5 1  G4CUA 
FOsO. 
FI.0. 
=2;3. 
x o = o .  
X I = ? .  
x 2 = 0 .  

nl)x=.o5 
X.O. 

0 F > = F O  
F = - I . F 6  

F 3 - F I  
F l = F  

x ? = % "  
x o = x 1  
X I = '  
~ ~ I X u T . L l . . ? , r ) o . X u T . G T . . 8 1  Cl)X=.O1 
X=X+rlDX 

F = F C I I X I  
IFfX.GF.I.1 G'l T O  1 0  

I F 1 4 R 5 l F t l O O . I   . L E . I . E - ' I  GO TO 1 
I F I F . 6 T . F I I  G'l T Q  9 
GO T O  1 2  

I n  W R I T E  1 6 , 1 1 1  
11 FORu4T 1 1 7 2 ~  PROGR4M lERMlNATE0  BECAUSE NO PRESSURE  MINIMUM WAS FO 

]UNO 0'1 T Y E  A I R F O I L  1 



FO-FST 
GO TO 1 3  

1 6   X Z = X S T  
FZ=FST 
GO TO 13 

I F  IXST.GT.XZ1 GO T O  1 8  
X1=XO 
X O r X Z  
XP'XST 

17 !FIXST.GT.XOI GO TO 19 

F l = F O  
FO=F2  
F Z = F S T  

1 8  XI'XO 
GO TO 13 

XO=XST 
F l - F O  
FO=FST 
GO  TO 1 3  

19 X I - X S T  

GO TO 1 3  
F I 'FST  

701)  FORWAT I / 9 9 H  PROGQAM  TERMINATED  bECAUS€  THE  PARAaOLlC  INTERPOLAT10 
1 N  SCHEME  CANNOT  DETERMINE  THE  LOCATION  OF  THE I 2X103HINCOMPRESSlF i  
ZLE  PRESSURE  COEFFICIENT TO W I T H I N   a 0 1  PERCENT I N  20 I T E R A T I O N S  IN 
3THE V I C I N I T Y   O F  THE P O I N T  I 

7 0  WSlTE 16 .7041  

21 B*IN**IN/fN-l.IIIIIN-l.1 

OELTY..I 
C I . ~ ) + I G A M M A + ~ ~ I ~ B + F S T ~ T A U I ~ . I ~ ~ ~ ~ ~ ~  

NIT.0 

YOLO30. 
YmDELTY 

?3 Y1=1.-Y 
N I T = N I T + l  

22 DELTY-DELTYIZ .  

Y2.lC.Yl..I2./3.l 
I F I Y Z - Y l I   2 4 . 2 4 * 2 5  

?5 Y O L D I Y  
Y.Y+DELTY 
IFIY.GE. I .1  GO TO 800 
GO TO 23 

25 Y.lY+YOLDI/Z. 
M - S O R T I Y )  

7 7   Y l = l . - Y  
N I T = N I T + I  
IF IN IT .GT.201  GO TO 28 

N U M r C * Y - Y I * S R Y 1  
S R Y l = S P R T I Y 1 1  

DENOY-C+I .5*SRYl  
NEWY=Y-INUM/OENOMI 
IFINEWY.LE.O.1 GO TO 22 
NEWM=SORTINEWY) 
ERRM=ABSlMINEYM- I . l  
Y-NEYY 
M-NEWM 

WRITE  16 .3101  M 
IFIERRM.GT.1.E-41  GO  TO 27 

GO TO 1 
$10 FORMAT IlH .29HLOWER C R I T I C A L  MACH NUMRER - .6X.E12.5) 

7 1  W R I T E  1 6 9 3 1 1 1  
3 1 1  FORMAT 1 1 9 9 H  PRDGRAM  HAS  TERMINAT€D  BECAUSE  THE  VALUE  OF  THE LOWER 

ZPERCENT I N   2 0   I T E R A T I O N S  1 
I C Q I T I C A L  MACH  YUMBER  COULD  NOT  BE  DETERMINED / Z X 3 8 H T O   U l T H l N  .01 

6 0 1  FORMAT I b X .   3 8 H A I R F O I L   A N 0  FLOW F I E L D   C H A R A C T E R I S T I C S  111 
6 0 2  FORMAT I 1 H   . 3 2 H A I R F O I L  MAX. T H I C K N E S S   A T   X I C  - .3X*E12.5]  
6 0 3  FORMAT f l H  s I 9 H F I N E N E S S   R A T I O  F - -16X.E l2 .51  
6 0 4  FORMAT I 1 H  r35HEXPONENT  N   FOR  A IRFOIL   OROINATES E ~ E 1 2 . 5 )  
605 F O R Y h T   I 1 H   . 2 6 H R A T l D  OF S P E C I F I C   H E A T S  = .9X.E12.5) 

4 0 0  FORMAT I I 4 3 H  XMT MUST BE  GREATER THAN 0 AND  LESS  THAN 1 I 
901 WRITE  16 .4001  

GO TO 1 

7 0 4  W R I T E   1 6 ~ 4 0 1 1  
401 FORMAT I/43H F I N E N E S S   R A T I O   F   M U S T  BE GREATER  THAN ZERO I 

?OS W R I T E   ( 6 . 4 0 2 )  
402 FORMAT I 1 6 5 H   R A T I O  OF S P E C I F I C   H E A T S  MUST t)E GREATER  THAN 1 AND LE 

1 S S  THAN 5 / 3  1 

8 0 0  M I T E   f 6 ~ 8 0 1 1  
801 FORMAT I 1 6 2 H  PROGQLM  TERMINATED  BECAUSE  THE  APPROXIMATE  VALUE OF H 

1CR LOWEQ I 2X65HNEEOEO  FOR  STARI ING  THE  NEWTON-RAPHSDN  ITERATION S 

GO TO 1 

GO  TO 1 

GO TO 1 

7CHEuE  EXCEEOS 1 1 
~ .~ 

GO T O  1 
E N 0  

F U N C T I O N   F C T I X )  
REAL N 
EXTERNAL  FUN 
COMMON  XHTIN 
COMMON I B L K 1 1  2121 
2.X 

XL.0. 
xu.1, 
TOL=I .E-& 
N l T = l O  
C A L L  ~ 1 M P I X L ~ X U . H I T ~ N I T I . T O L ~ F U N I I N S I  
I F l N l T l ~ E O . 0 1  GO TO 5 

D E R I V . I . - N * l X ~ ~ I N - I . l I  
FCT=N+ANS-DERIV~ALOGlII.-X)/XI 
RETURN 
WRITE  16.6)  X 
FORMAT  I I5XZBHEXECUTION  TERMINATED A T  X  .E12.5/5X112HTHE INCDMPR 

l E S S l R L E  PRESSURE  INTEGRAL COULD NOT BE  DETERMINED TO .01 PERCENT I 
2N 10 I T E R A T I O N S   U S I N G   S I M P S O N S   R U L E 1  

F C T * - 1 0 0 .  
RETURN 
END 

F U N C T I O N   F U N I I I  
R E ~ L  N.NUM 
COMMON XMTsN 
COMMON I B L X l I   2 . 2 1  

IF lXMT.GE.a51 GO TO 2 
I F l A R S ( Z - Y I . L T . I . E - 3 I  GO TO 3 

H U M r Z I - f I . - Y I ~ ~ I N - I . l  

RETURN 

GO TO 1 

FUN=IN-l.l~Ill.-YI+~lN-2~~I 
RETURN 

RETURN 
END 

1 FUN=NUM/ f Y-Z I 

2 N U M = Y ~ + I N - l . l - Z I  

3 IFIXMT.GE..51 GO TO 4 

4 F U H = I N - l . l r I Y ~ ~ l N - 2 . I 1  





C PROGRAM  FOR O E T E R M I N I N G  THE U P P E R   C R I T I C A L   M A C H  NUMBER  FOR 

C X-X*+N OR I - X - l l - X I * + N  BY U S I N G   T H E   M E T r t O D   O F   L O C A L   L I N E A R I L A T I O N  
C   N O N L I F I I N G   S Y M M E T R I C   A I R F O I L S   H A V I N G   O R D I N A T E S  L P R O P O R I I O N A L  TO 

C - FOR  RFFEQENCE  SEE  SPREITERv J.R. AND  ALKSNE. A.  Y.. NASA T R  1 3 5 9  
C 
C 
~t*.~..*tl.t.t..lt.t.,~.~***~~*...l..l**.********.~..*.*******~~*.**** 

C T1-1E INPUT  DATA  FOR  THIS  PROGRPu  ARE  ALL  REAL  CONJIANTS AND ARE I N -  
C PUTTFr)  '3N ONE C11Qr) PS F O L L O d S  
C COLU' I IS 1 TO l O - - L O C A T I O N   A 5  FRLCTI!lN OF  CHOQD I X l C I  OF P O S I T I O N  
C OF  filAXI1~UU*  THICKhlESS OF A I R F O I L  
C CCLUUNS I1  TO ' 0 - - F I N E N E S S   R A T I O   r l F   A I R F O I L  
C  COLUMNS 7 1  TO 3 0 - - Q A T 1 0  OF S P E C I F I C  HEAT: OF  GAS 
~".'f..'.*.'.'.'.'.~.*~~***.~....'.~.....*~..~.~..~****~~~~.~*~..* 

C 
C 

1 no 

101 
1 
7 

7 00 

Q E A L  u . ~ . N I . N E X P ~ N U Y . N E W N 1 * E V * . N E W Y  
O l M E N 5 I O N   X Y T K S I 1 9 1 ~ N E X P l 1 9 I  
X M T K S l  11 =.35 

X ~ T K S I l l = X M T K S f I - 1 ~ + . 0 5  
N F X P l 1 1 - 8 8 . 7 3 1  
~ l F X 0 1 7 1 ~ 3 4 . 6 4 9  
Y E X P 1 3 1 = 1 9 . 1 7 3  
YEXP141.12.215 
Y E X P 1 5 l i 8 . 3 9 6  
N E X P l 6 1 = 6 . 0 4 4  
N E X P 1 7 l = 4 . 4 8 2  
N E X D 1 8 l - 3 . 3 8 9  
N E X P 1 9 1 = 2 . 5 9 5  

nn 100 1-2.19 

N F X P I I + I O I = N E X P I J l  
READ  15 .21   XMTvF~GAMMA 
FORMAT 13E10.41 
W R l T F  1 6 . 2 0 0 1  
F O Q M A T I l H l ~ 3 9 X 6 9 H C A L C U L A T l O N  OF  UPPER  CRIT ICAL   MACH NUMBER  FOR  A  N 

2 L  TO X-X**N OR I - X - 1 1 - X I + + N  BY USING  THE  14DX29HMETHOO OF LOCAL 
I O N   L I F T I N G   S Y M M E T R I C   1 4 0 X 7 9 H A I R F O I L   H A V I N G   O R D I N A T E S  L PROPORTIONA 

3 L I N E A R I Z A T I O N  1/11 

5 1  I F  I I .EQ.11 GO T O  4 
GO TO 50 

~ ~ N F X P I J l + ~ 4 E X P I I I - N ~ X P I J I I I I X H T K S I I I - X M T K S I J I I + I X M T - X M ~ K S I J I I  
50 CONTINUE 

A i X H T  
I F  IXMT,Ll..51  A=l.-XMT 
N1T.O 

5 N I = N - I .  
... . 

N I T . U I T + 1  
I F  INIT.GT.2OI GO ID 6 

NUM=l . -N*ANl  
A N l r A + * N l  

DENOH.-ANI~IN~ALOGfAl+l.I 
NEYN=Y-INUM/DENOMI 
E R R = A B S I N / N E Y N - I . I  
N-NEYN 
I F  1FRR.GT.l.E-41 GO TO 5 
GO TO 8 

6 W R I T F  1 6 ~ 7 1  
7 FORMAT  ISX20HEXECUTION  TERMINATED15X87HTHE  VALUE  OF THE  EXPONENT  N 

1 CANNOT SF OETcRMINFr)  T O  W I T H I N  - 0 1  PERCENT I N   2 0   I T E R A T I O N S I  
rm TO 1 

8 W R I T E  I 6 ~ 6 O l l  

W Q I T F   1 6 . 6 0 2 1  XUT 
# R I T E  1 6 9 6 0 3 1  F 

Y R I T F  1 6 . 6 0 5 1  GAMMA 
r i R l T E  1 6 1 6 0 4 1  N 

5 = . 5 * l N * + l N l f N - l . l l I  
I F  IXUT.GT..51 S - S / l N - I . l  
~ = 1 . 5 * I G A M M A + l . I f S / F  
D E L I Y = . l  

9   O E L T Y = D E L T Y / 2 .  
T=n 

y n L n = l .  

1 0  Y1.Y-1. 
Y = l . + D E L T Y  

Y~=ICIYI**I?./~.I 
I F   I Y l " 1 2 1   1 1 r 1 1 * 1 2  

Y ' r Y c O F L T Y  
GO TO 10 

1 1  w L 0 - Y  

1 7   Y = I Y + Y O L D I I ? .  

1 1  Y1.Y-1. 
M=SORTIY 1 

N I T = N I T + I  

S O Y l = S 0 Q T f Y l I  
TF   IN IT .GT.2OI  GO T O  1 4  

NUH.C*Y-Y~*SRYI 
DENOM=C-1.5*SRYI 
NEYY=Y-INUM/DENDMI 
I F  1NFYY.L l .O. I  GO TO 9 
NEWM=SQRTINEWYl 
ERRu=ABSlM/NEWM-I .J  
Y=NEWY 
H-NFU'I 

UQITF 1 6 , 6 0 6 1  M 

I F  IERRM.GT.1.E-41 GO TO 1 3  

GO rn I 

607 FORMAT  1139X.   62HPROGRAM  HAS  TERMINATED  BECAUSE  THE  VALUE  OF THE u 
14 W R I T E   1 6 1 6 0 7 1  

IPPER CRIT ICAL   140X74HMACH NUMBER  COULD NOT BE  DETERMINED T O  W I T H I N  
2 .01 PERCENT I N   2 0   I T E R A T I O N S  1 

GO T O  1 
309 W R I T E   1 6 . 4 0 0 1  
400 FORMAT  11431-1 X Y T  MUST BE  GREATER  THAN 0 AND LESS  THAN 1 1 

1 0 4  W Q I T F  1 6 , 4 0 1 1  
GO TO 1 

4 0 1   F n Q u A T   1 1 4 3 H   F I N E N E S S   R A T 1 0   F  MUST  BF  GQEATkR  THAN  ZERO 1 

7115 W Q I T F   1 6 . 4 0 2 1  
4 0 7   F O R M A T   I 1 6 5 H   R A T I O  OF S P E C I F I C   H E A T S  MUST  BE  GREATER  THAN 1 A N 0   L E  

155 T W I N   5 / 3  I 

c,n To 1 

GO TO 1 
6 0 1   F O R P A T I I H   r S X 3 8 H A I R F O I L  AND F L O Y   F I E L D   C H A R A C T E R I S T I C S  / / I  
6 0 7  FORMAT I 1 H   n 3 2 H A I R F D I L  MAX. T H I C K N E S S  AT X I C  = ~ 3 X * E 1 2 . 5 1  
604 CORMAT f 1 H   v I 9 H F l N E N E S S   R A T I O   F  = * l 6 X , E 1 2 . 5 1  
6 0 4  FORMAT I I H  .35HEXPONENT Y FOR A I R F O I L   O R D I ' I A T E S  = .E12.51 
6115 FORUAT f 1 H   , 2 6 H R A T l O  OF S P E C I F I C   H E A T S  = 1 9 X . E l Z . 5 1  
6 0 6  FORMAT I 1 H  , 2 9 H U P P E Q   C R I T I C A L  MACH  NlJYSER = .6XmE12.51 

FNO 

> 

a 
x" 
> 



APPENDIX E 

LISTIKG OF THREE-DIMENSIONAL COElPUTER PROGffiXS 

m 



6 0 7  FORMAT 
6 0 1  FORMAT 
6 0 4  FORPAT 
6 0 5   F O R W I T  
6 0 6   F 3 R I I I T  
6 0 7  FORMAT 

I1 

1 1 H  

1 2 9 H R 0 0 Y  MAX. THICKNESS  AT   X /L  = r 3 X 1 E l Z . 5 )  
. 1 9 H F I N E N E S S   R A T I O  F = 9 1 3 X 1 E 1 2 . 5 1  
e32HEXPONENl   N   FOR RODY O R D I N A T E S  = sE12.51 
. Z O H S - - I X I  = 0 A T  X / L  = .12X.E12.51 
, 2 6 H R A T I O  OF S P E C I F I C   H E A T S  = . 6 X * E 1 2 . 5 1  
n28HFREE  STRCAM  YACH  NUMBER M = .4X.E12.51 

4 0 0  FORWAT I l H 0 ~ 4 2 H X M T  MUST  BE  GREATER  THAN 0 AN0  LESS  THAN 11 
303 W R I T E  1 6 ~ 4 0 0 1  

GO TO 10 
3 0 6  Y Q I T F  1 6 ~ 4 0 7 1  
402   FORMAT  1113H  FREE  STREAU  PACH  NUMBER  MUST BE GREATER  THAN 0 A N 0   L E  

1 5 5  THAN THE LOWER C R I T I C A L  MACH  NUMBER  WHICH IS LESS  THAN 1 1 

107 Y R I T E   1 6 , 4 0 3 1  
GO TO 10 

403 FORMAT 1 / 8 9 H   I N T E Q V A L   S I Z E  FOR  PRESSURE  O ISTRIBUTION  PRINT-OUT UUS 
I T  BE G R E A T E R  T H A N  o AND  LESS  THAN I I 

GO TO 10 
E NO 

E NO 



F U N C T I O N   D I N T I D Z I  
EXTERNAL  DFUNrDFUNl 
COUWOU / G I   O W t D 4 2  

DA2=052PlIDZ) 
DY.DZ 

20 W R I T F l b . 2 1 )  
21 FORMAT  l IH0*2X.4SHPROGRAM HAS TERMINATED  BECAUSE IHE  F R A C I l O N A L 1 3 X  

ZER  THAN THE SPECIFIED  TOLERANCE I D T D L I 1 3 X .  4OHFOR IHE G I V E N  NUMBE 
1. 47HERROR BETWEEN TU0 SUCCESSIVE  INTEGRALS OF  OFUN 131.45HI5 LARG 

3R OF I T E R A T I O N S  lhllTI1 

P? F O Q U A T I I H  . 5 X v 4 H X  : .E14.71 

23 FORMAT IIH . S X I Z ~ H F R A C T I O N A L  I T E Q A T I V E  ERROR = . 3 X . E l 4 . 7 )  

W Q l T E 1 6 r 2 2 1  32 

W R I T E  14,231 OTDL 

STOP . .  
E N 0  

COMWON I G I  OWIOAZ 
F U Y C T I 9 Y   D F U N l n Z )  

IF I A a S I D Z - D W I . L T . l ~ E - 6 I  GO T O  20 
O R 2 = n S Z P I l D Z l  
DFUN= I OAZ-OB2 I / I DW-02 I 
RETURN 

RETURN 
END 

20 DFUN=I)S3PI IDw) 

F U N C T I O N   D S P I I D Z )  
COMMON I C 1   D C T A U Z l D N  
COMMON / L /  K 
IF IK.GT.OI  GO TO 2 
PSI=DZ-DZ+*DN 

QFTIIRN 

GO TO 1 
F 4n 

I ~ S P I = O C T L U Z ~ O S I ~ O S I I I ~ . O  

7 n51=1~00-OZ- l l r00 -DZI .+DN 

FUNCTION  DRSOIDZI  

m 



v 
0 

C ~ n ~ D U T A l I O N  OF  DERY  FOR  STARTING  VALUES 
4 C d L L   F C T I X , Y I O F R Y I  

IF IMI ( .GT . I l   QFTURN 
C 

m 



z=x+ .4+z  
C A L L   F C T I Z ~ V ~ O E R Y I  
IFlMU.GT.11  RETURN 
DO 102 I = l ~ N O I M  
Z = H * D E R V I I I  
A U X I 6 ~ l l = Z  

1 0 7  YIll=AUXIN~Il+~29697761~AUXl5~I1+.15875964~2 
C 

Z.X+.45573725.H 
C 4 L L   F C T l Z ~ V . h E R I 1  

DO 103 1 = 1 ~ N O I M  
IFIMY.GT.I1  RETURN 

Z=H*OERVIII 
A U X I 7 ~ l l r Z  

103 YIII=AUXIN~II+~21810039+AUXI5~1I-3~05095515+4UXl6~11*3.83286476+2 
C 

C A L L   F C T l Z * Y * D E R V I  
Z.X+H 

1FlW.GT.11  RETURN 
00 1 0 4   I = l * N O I M  

I O 4  YIll=bUXIN~ll+~17476028fAUXI5~lI-~55140066+AUXl6rll+1~20553560* 
lAUX17~II+.17118~78+H+OER~l11 

c ~..*.~**.tl...tt.*..~******.***~**.**~*~***.**~*.**~*'*******~***. 

C 
C 
C  POSSIBLE  BREAK-POINT FOR L INKAGE 
C 
C 
C  STARTING  VALUES ARE  COMPUTED. 
C NOW START  HAHHINGS  HOOlFlEO  PREDICTOR-CORRECTOR METHOD. 

GO T~I~,I~.I~.~II.ISU 

7 0 0  TSTEP=3 
201 l F I N - 8 I 2 0 4 * 2 0 2 ~ 2 0 4  

C 
C N-8 CAUSES  THE ROUS OF AUX T O  CHANGE THEIR  STORAGE  LOCATIONS 

202 DO 2 0 3   4 - 2 . 7  
DO 203 I = l . N O l U  
A U X I N - I . I I = A U X I N I I I  

N = l  
2 0 3   A U X I N + 6 . I l = A U X l N + 7 , I I  

C 
C N  LESS  THAN 8 CAUSES  N+1 TO  GET N 

C 
C  COYPUTAlION  OF  NEXT  VECTOR Y 

7 0 4  HEN+] 

00 2 0 5   I = l r N O l M  
& U X I N - I I I I = Y I I I  

x=x+n 

00 2 0 7   I = I . N O I M  
D E L T = A U X I N - 4 ~ 1 1 + 1 ~ 3 3 3 3 3 3 3 3 ~ H ~ I A U X l N + 6 ~ l l + A U X I N + 6 ~ l I - A U X I N + 5 ~ 1 l + A U X  

YIII=OELT-.92561983~AUXllb.II 

7 0 5   A U X I N + 6 . 1 1 = D E R V l I I  

206 I S T E P = I S T E P + I  

1 1 N + 4 . I I + A U X I N + 4 ~ 1 1 1  

2 0 1   4 U X l 1 6 . 1 I = O E L T  
C  PREDICTOR IS NOW GENERATED I N  ROW 1 6  OF AUX. MOOlF lEO  PREDICTOR 
C IS GFYERATEO IN I. OELT  MEANS AN AUXILIARY  STORAGE. 
C 

C & L L   F C T I X . V r D E R V I  
IFIHM.GT.11  RETURN 

C D E R I V A T I V E  OF MOOIF IF0   PREDICTOR IS GENERATED I N  DER7 
r 

DO 2 0 8   l = l . N O l M  

1 +AUXIN+6.II-AUXIN+5.IIll 
OFLT=.125 ~ I 9 . 0 0 ~ 4 U X I N - 1 ~ I ) - A U X l N - 3 ~ 1 1 + 3 ~ 0 0 + H * l D E R Y l I I + A ~ X I Y + 6 ~ I I  

4UXl16~Il=AUXlI6~lI-OELT 
7119 YIII=0ELT+.07438Ol6*4UXll~~l~ 

C 
C TcST WH~THED H SUST 9 E   H A L V E D  OR DOUSLED 

n c L T = o . o  
09 7 0 9  I = l . N O I S  

709 nCLT=nELT+AUXI15.ll*ABSIAUXl16.III 

I F I P F L T - D R Y T l 4 1 1 2 1 0 ~ 2 2 2 . 2 2 2  
r 
C H WUST NOT BE  HALVED.  THAT  MEAN5 V I 1 1  ARE GOOD. 

210 C A L L   F C T I X ~ V . o E R V I  

C b L L  O U T P I X ~ V r O E R Y ~ I H L F ~ N O l M ~ P R M T l  
l F l W u . G T . 1 1   R F l U R N  

7 1 1  1 F I I H L F - l I 1 2 1 ~ . 7 1 7 ~ 7 1 2  
l F l P R ~ ~ T l 5 1 1 2 1 2 . 2 1 1 ~ 2 1 2  

7 1 7  QFTURN 
7 1 9  I ~ l ~ * l X - ~ Q ~ T I 2 1 1 1 2 1 4 r Z 1 2 ~ 2 1 2  
7 1 L   I F   l ~ r n S l X - P R M T I 7 1 1 - . 1   * A ? S I H 1 1 2 1 2 * 2 1 5 r 2 1 5  
7 1 5  1 F l P F L l - . 0 2   * P R M T I 4 1 I 2 l b ~ Z l 6 ~ 2 0 1  

C 
C 
C H COULO BE OOURLEO I F  ALL  NECESSARY  PRECEDING  VALUES ARE 
c 4 V A I L A B L E  

216 I F l l H L F I 2 0 1 ~ 2 0 1 ~ 2 1 7  

7 1 9   I F ~ 1 S T F ~ - 4 1 7 0 1 ~ 7 1 9 ~ 2 1 9  
7 1 1   l F I N - 7 1 2 0 1 . ? 1 8 1 2 I 8  

219  I ~ ~ O = I S l E P I Z  

7 7 0  F("H+F( 
~ = I I S T F D - I U ~ ~ - I ~ O ~ I Z O I . ~ ) ~ ~ ~ ~ ~  

I H L F - I H L F - 1  
I S T F P = O  
DO 2 2 1  I = ~ . N o I Y  
A U X l N - I ~ 1 I = 4 U X I H - 2 . l I  
A U X I N - ? ~ I I = A U X I N - 4 ~ I l  
A U X I N - 3 r I I = A U X l N - 6 r l l  

A U X I N + 5 ~ I I = A U X I N + 3 . I I  
A ' J X l N + 6 ~ I I = A U X I N + 5 ~ 1 1  

A U X 1 N + 4 ~ I l = A U X I N + 1 ~ 1 1  
~ C L T = A U X I N + 6 . 1 1 + A U X I ~ + 5 ~ 1 1  
OFLT.nELT+oELT+nELT 

7 7 1  AUX116~I1=9.96796296*IYlIl-AUXl~-3~llI-3~36llllll*HrlOERYlll+DELT 
l + A U X I N + 4 1 I l l  

GO TC 201 
C 
C 
C H MUS1 BE HALVED 

7 7 7   I H L F = I H L F + ~  

7 7 3   n = . 5 * n  
I F L I H L F - 1 0 1 2 2 3 . 2 2 3 . 2 1 0  

00 7211 I = l . N O l M  
ISTEDEO 

Y 1 1 ~ ~ ~ 3 9 0 6 2 5 E - 7 ~ 1 8 . E ~ * A U K l N - l ~ l l + ~ 3 5 ~ O O ~ A U X ~ N - Z ~ l ~ + 4 ~ E l ~ A U X ~ N - 3 ~ l ~  

~ l ) X I Y - 4 ~ 1 1 = . 3 9 0 6 2 5 E - 2 + 1 1 2 . 0 0 + A U X I N - 1 ~ I 1 + 1 3 5 ~ 0 0 * A U X I N " Z ~ I I +  
1 + A l ~ X l r i - L ~ l ~ l - ~ 1 1 7 1 8 7 5  ~lAUXIN+6~1I-6.00~AUXIN+5~Il-AUXIN+4~I1I~H 

1 1 0 R . 0 0 * 4 U X I ~ - 3 ~ ~ 1 + A U X l N - 4 ~ 1 1 1 - ~ 0 2 ? 4 3 7 5  * I A U X l N + 6 r l l +  
71~.00.AUXIN+5.II-9.30*4UXIN+4~1IlrH 

771 



C PROGRAM  FOQ  DETERMINING  THE  SURFACE  AYD FLOW F I E L D  PRESSURE OISTQI 
C RUTIONS  FOQ  FRFF  STEAM  MACH N U M H E R  Y A 9 0 V E   T H F   U P P E R   C 7 I T I C A L  ON 
C N O N L I F T I Y G  BOOlES O F   R F V O L U T I O N   H A V I Y G   @ Q O I N A T E S  R P R O F C F T I D N A L  
C Tn X-X**Y OQ 1 - X - I I - X I * * V  PY USING  THF  VFTH"? @F L O C A L   L I V C A R I Z A -  
C TION--FOQ  REFFRE'ICE S E E  SDRCI1EU.J.R.  AY?  ALKSYEsA.Y.*hAS,l  TR-42 
C 
c ~..~...~..~..~..'........".."+~~.*...*~.~~~~.~.*..~..~.*~.~.*~ 
C THE  IVPUT  DATA FOR T H I S  PROSRb!' ARE ALL  REAL  CON5TANTS  Ai iS  ARE I N -  
C P U T T E D  ON ONE CARD  AS  FOLLO*S 
C CC,LUMNS 1 12 IO--FREE  STREAW  MACH  NU"YEP, 
C COLUYVS 11 TCl 7O--LOCATION  AS  FHACTIOY  OF BOnY LENGTH I X l L l  OF 
C P 0 5 1 T I O Y  OF t1AXIY:IY BODY T H I C K h E S S  
C COLUMNS 7 1  19 7 3 " F I N E N E S S   R A T 1 3   3 F  9 0 D Y  ~ .. . ~~ 

C COLUMNS 3 1  TO 4 0 " I Y T E R V A L  SIZF A <   F 9 A C T I O 9   O F  9 9 D Y  LEKGTH  FOP 
C DRFSSURL: D I S T R I U U T I O Y   P R I Y T - O U T  

C OR L F S S  THAY 0.0 FOR NO FLOW F I E L D   C A L C U L A T I O N   A N 0   G R E A T R  THAN 

~....*...,***.'.'+"'~,*.**~'**'**..~*~~..*.,.*~*~.'**.**.***~..*.*~***.* C 0.0 FOR  FLOW F I E L D   C A L C U L A T I O N  

C 

c r n L u w s  4 1  TO ~O-- IYDEX FOR FLOW FIELO DDINT-OUT*+*IVDFX E Q U A L  T O  

.. . 
I F  IXMT.GT.O.51 K = O  
DO 913 1=1*19 
J= I -1  
I F I X M T K S I I I - X M T I   9 1 3 . 9 1 4 r 9 5 1  

913 CONTINUE 
9 1 b  D Y = D N E X P l I I  

D 2 5 1 = D Z S I 1 1 1  
GO TO 950 

~ N ~ n N F X P I J l + l O N E X P I I I - O N E X D I J I I I I X M T K S I I ~ - X M T K S I J I I * I X M T - X M l K S l J I I  
S T 1   I F  Il.EO.11 GO T O  9 1 4  

950 CONTINUE 
n Z S ~ ~ ~ Z S T I J l + l n Z S T I I ~ - O Z S T I J I I I I X r T K S I I I - X W T I S I J l l * I X M T - X l ~ T K S I J I l  

ASXU1 

OZ0=1.E-2 
O 2 F ~ 9 9 . E - 2  
nIu=w+nU-1. 
nK=OM*DY*2.4 

C 
C CALCULATION  OF  THE  POlNT WHERE S--IXI = 0 

I 9ZS=DZS1-DS2PIIDZSIl/DS3PIlDZSll 
N = l  

IFlA~SlOZS-OZS1I.LT.I.E-6I GO TO 3 

Y = N + l  
I F l Y . G T . 1 1 1  GO TO 2 
GO T O  1 

o z s l = n z s  

2 W R I T E   1 6 * 1 0 0 1  
100 F O R u A T   l l H 0 . 4 X c 5 H E X E C U T I O N   T F R Y I N A T E D   R E C A U S E  S - - ( X I  = 0 POINT CAN 

Z I O N S 1  
l N O T  RF l S X 5 7 H O E T f R M I N E C  TO k l T H l N   S U F F I C I E N T  ACCURACY I N  IO I T E R A T  

C 
C START  OF  INTEGRATION  PROCEDURE 
r 

3 W Q I T F   l b . 6 0 1 )  
WQITF 1 6 , 6 0 2 1  XMT 
WQTTF 1 6 , 6 0 8 1  F 
W Q I T F   1 6 . 6 0 L l  PN 
W R I T F   l 6 * 6 0 5 )  F Z S  
U P l T F  1 6 . 6 0 6 1   G A W A  
Y Q I T F   1 6 r 6 0 1 1  M 

DMRu=O.O 
I F  lr)W-0.001I 9 2 0 1 9 2 0 . 9 2 1  

HRH=OWRTE 
DWRTE=MRM 

DHRM=-DYV 
nWRTE=OWRTE*DMM + .001 

W Q l T F 1 6 ~ 1 0 1 I  

9 2 1  DWRTE=DZS/DMM + 1.0 

9 7 0   C O N T I N U E  

1 0 1  FORMAT  I lH0 ,44HSTAQT OF I N T E G R A T I O N   F R O M   S - - I X I  = 0 T O   N O S E / / )  
~~~ 

'10 Y Q I T F   1 6 * 1 0 2 1  
I F   I F L W F L D l  30.30r31 

1 0 7  FORMAT I 5 X ~ 1 H X ~ 7 X 8 n C P l B O D Y I I / l  
GO T O  3 2  

31 W R I T E   1 6 . 1 1 2 1  
1 1 2  FORMAT I 5 X ~ 1 H X ~ 7 Y 8 H C P I B O D Y I 1 5 X 6 H C P l l O l ~ 6 X 6 H C P l 2 D l r 6 X ~ 6 H C P l 3 D l ~  

1 6X6HC~l4D1~6X6llCP15O1~6X6HCPI6DI~6X6HCPI7DI~6X6HCPI8Dl//I 
? >  CONTINUE 

m 

5 O N l = D N - l .  
N I T = N I T + I  
I F I N I T . G T . 2 0 1  GO TO 6 

.. - 



1).1111.0. 
D D E R Y I 1 1 = 1 .  
n P R U T I l l = D Z S  
D D R u T I Z I = D Z F  
ODRUTl3l*l.OE-7 
O P R M T 1 4 l = l . E - 6  
Y D I M - 1  

MRM=MRM-l 
I F  1DMRM~EO.O~OI GO T O  9 2 2  

DWRTE=YRM 
DWRTEIDWRTEWJMM 
DMRM=DMM 

9 2 2   C O N T I N U E  
Y R I T E 1 6 ~ 1 0 3 1  

103  FORMAT I I H 0 , 4 4 H S T A R T  OF I N T E G R A T I O N  FROM S--IXI = 0 TO T 4 I L I I I  

40 W R I T E   1 6 1 1 0 2 1  
I F  1 F L W F L O l   4 0 1 4 0 1 4 1  

4 1  W R I T E   1 6 , 1 1 2 1  
GO TO 4 2  

4 2   C O N T I N U E  
C A L L  D H P C G I D P R M T . D Y I D D E R Y I N D I H I I H L F . F C T ~ O U l P ~ D A U X 1  
GO TO 10 

6 0 0  FORMAT 1 1 H l ~ 3 5 X 6 1 H C A L C U L A T l O N  OF SURFACE  AND FLOW F l E L U   P R t S S U R t  
I D I S T R I B U T I O N S  I 36X6SHFOR  PURELI   SUPERSONIC FLOW  ABOUT A   N O N L I F T I N  
2 G  BODY  OF REVOLUTION / 36X5BHHAVIHG  ORDINATES R PROPORTIONAL T O  X -  
3X+*M OR I - X - I I - X l + * N  / 3 6 X 4 2 H B Y   U S I N G  THE METHOD OF LOCAL  L INEAR12  
4 A T 1 0 N  1 /11  

601 FORMAT I1H r49HBODY  OF  REVOLUTION  AND FLOW F I E L D   C H A R A C T E R I S T I C S / /  

6 0 2  FORMAT I 1 H  ,29HBODY MAX. THICKNESS AT X / L  = v 3 X . E I 2 . 5 1  
I 1  

603 F O R M 4 1   1 1 H   . I P H F I H E N E S S  R A T I O  F = m13XsE12.51 
6 0 4  FORMAT I 1 H  .32HEXPOHENT H FOR BODY ORDINATES = sE12.51 
605 FORMAT I 1 H   , 2 0 H S - - ( X I  = 0 AT X I L  a .12XnE12.51 
60b FORMAT I 1 H   1 2 b H R A T I O  OF S P E C I F I C   H E A T S  = . 6 X * E 1 2 . 5 1  
607 FORMAT 11H .2BHFREE  STREAM  YACH  NUMBER Y = r 4 X . E l 2 . 5 1  
303 W R I T E  16,bOOl 
400 FORMAT I1HO.bPHXNT  MUST  BE  GREATEQ  THAN 0 AND LESS  THAN 1) 

?Ob W R I T E  1 6 * 4 0 1 1  
GO TO 10 

401 FORMAT I ~ H O I L ~ H F I N E N E S S  R A T I O  F MUST B E  GREATER  THAN ZERO) 
cn Tn 10 

306 W R I T E  16.4021 
402 FORMATl/ lOOHFREE  STREAM  MACH NUMEER MUST R E  GREATER  THAN  THE  UPPER 

" .- " 

l C R l T l C A L  MACH NUMBER WHICH IS GREATER  THAN 1 1 
r.n rn ~n 

307 W R I T E  1 6 * 4 0 3 1  
403 FORMAT 1 1 1 9 H   I N T E S V A L  SIZE F O R   P R E S S U R E   D I S T R I B U T I O N   P R I N I - S U T  MUS 

_" . -  _ -  
1 T  BE  GREATER  THAN 0 AN0  LESS  THAN 1 I 

GO TO 10 
END 

701 FORMAT 11H  r69HPROGSAM  TERMINATED  BECAUSE  INPUT MACH NUMBER LESS T 
3 WRITF 16.7011 

4 RETURN 
END 

I H A N  UPPER C R I T I C A L 1  

E Y D  



P 

COMWON / C /   D C l 4 U 7 , D N  
F U N C T I O N  D R R B l P Z 1  

COMMON / P I  OC 
COMMON / L /  < 

I F  IK.GT.01 GO TO  2 
O A = D C * I D C - D Z * + O N I  

RETURN 
1 nRRR=2. /DA 

7 OA=OC~II.-DZ-I1~-DZI*~ONl 
GO T O  1 
END 

m 



t X P O N E h T  N CANNOT BE I S X  
I T E Q A T I O . I S 1  





73 

71 
717 

77 

9 7 2  
27 

28 
7 9  

I H L F  

.. .. .. 
41 W I T F   1 6 ~ 1 0 1 1  

1 0  OSLIIOXIZ-DX~~IIIDUUI-DUUZI 
GO TO 2 7  

~ S H . ~ S L ~ I O U U Z + ~ Z M I  
n x 3 = ~ X 1 2 + 0 5 ~  
DX4=2.OO*DX3-DX12 
Y R I T E l 6 * 2 0 5 l  

205  FORHATIIHOIZ?HSTART  OF SUESONIC CALCULATION)  

109 FOR'lhT I l H 0 ~ 3 1 H S T A Q T  OF SUPERSONIC  CALCULATION) 
Y 9 1 T C  lh.190) 



GO TO 2 1  
D U = O Y l l I + O E F  

F U N C T I O N   D I M T ( D Z I  
DOURLE  PRECIS ION O l N T ~ D Z ~ D F U ~ ~ O Y ~ D A 2 ~ O l O L ~ O A B S ~ D ~ 2 P l ~ O A N S  
EXTERNAL  OFUN 
CO- / G I  DWeDA2 
C O M W N  I H I  OTOL 
I F I O A B 5 1 D Z l . L T . I . O - 6 )  GO TO 2 5  
OU-DZ 
D 1 2 . D S 2 P I I D Z l  
N l T = l O  
C A L L  S I ~ P l O . O O ~ D Z ~ N I T ~ N I T 1 ~ O T O L ~ D F U N ~ O A N S ~  
I F I N I T 1 . E O . O I  GO TO 2 0  
O I N T = D A N S  
R E T V R U  

90  W R I T F l 6 ~ 2 1 l  . 
21 FORMAT I I H O . ~ X I ~ ~ H P R O G R A M   H A S  TERMINATED BECAUSE  THE  FRACTIONAL13X 

2ER THLN  THE SPECIFIED  TOLERANCE  IDTOLI13X.   4OHFOR  THE  GIVEN  NUHBE 
I r  47HERROR BETWEEN TWO SUCCESSIVE  INTEGRALS  OF  DFUN / 3 X 1 4 5 H I S  LARG 

7 R  OF I T E R A T I O N S  I N I T I I  
WRITE16*221 DZ 

22 F O R M A T l l H   . 5 X * S H X  = v D 2 4 . 1 6 )  

23 FORMAT I I H  r S X . 2 9 H F R A C T I O N A L   I T E R A T I V E  ERROR = . 3 X v O 2 4 . 1 6 )  
Y R l T E  169231 D T O L  

STOP 

F U N C T I O N  DlYTllDZI 
T)OURLF P R F C I S I O N  O I N T 1 r @ Z ~ D F V I I ~ D U ~ O A 2 ~ D l O L l D A B S ~ O S 2 P l ~ O A N ~  
EXTERNAL  DFUN 
CnWYON I G I  DW.OA2 
COMMON I H I  OTOL 
IFIDABSII.OO-DZI.LT.1.0-6I GO TO 2 5  

0 4 2 - D S 2 P I l D Z l  
N I T = I O  
C A L L  5 l H P I I . D O ~ D Z ~ N I T ~ N I T I ~ O T O L I D F V N I D A N S I  
I F l N I T 1 . E Q . O I  GO TO 2 0  
O l N T I = O A N S  
RETURN 

nw=w 

7 0  Y R l T F  16.21) 
7 1  FQRMAT  I IH0~2X.45HPROGRAM  HAS  TEQMINATEO  BECAUSE  THE  FRACTIONAL13X 

7ER  THAN THE SPECIF IED  TOLFRANCE  IOTOL113X,   4OHFOR  THE  G IVEN  NUMBE 
1 -  47HERROR  BETWEEN TWO 5 U C C E 5 5 1 V E   I N T E G R A L S  OF D F U N   1 3 X . 4 5 H 1 5   L A R G  

3 4  O F   I T E R A T I O N S   I N I T 1 1  

7 2  FORMAT ( 1 H  v 5 X 9 4 H X  = r 0 2 4 . 1 6 1  

23 FORMAT I 1 H   . 5 X * 2 9 H F R A C T I O N A L   I T E R A T I V E  ERROR = ~ 3 X ~ D 2 4 . l b )  

W R I T E  1 6 - 2 2 )  OZ 

Y R l T E  16923) DTOL 

STOP 
25 D I N T I - O . D O  

RETURN 
END 

F U N C T I O N   O l l N T ( 0 Z I  
DOURLE  PRECIS ION O 1 I N T ~ O ~ ~ D H ~ D I N I ~ O I B 3 . D 1 8 2 . D 1 8 1 r D I F l r D I F 2 ~ O I F 3  
OH-1.0-3 

D1B2=DIHTIOZ-2.OO+OH) 
DIB9=DINT(DZ-3.DD.DHl 

O I B I = D I N T I O Z - D H I  
D I F I = D I N T I D Z + O H )  
0 1 F 2 = D l N T ~ O Z + 2 . 0 O + O H )  
D I F 7 - O I N T l D Z t 3 ~ O O * O H I  
D l I N T ~ l 4 5 ~ O O ~ I D I F 1 - O l B l ~ - 9 ~ O O * l O ~ F 2 - O l E 2 ~ ~ O l F 3 - O l B 3 ~ l l b O ~ D O ~ O H ~  
RETURN 
E N 0  

D O U B L E   P R E C I S I O N  D C T A U ~ . O N I O ~ N I D R S ~ ~ D S ~ ~ D S ~ ~ D Z  
F U N C T I O N  O R S O I D Z I  

COUMON I C /  DCTAU2,DN.D2N 
COMYON I L I  K 
I F  1K.GT.O) GD T O  2 

OS2=1.OO-ON*DS1 
D S I = D Z + r l D N - l . O O )  

RETURN 
I DRS9=OCTAU2+DS2*DS2/4.00 

7 DSl~ll.OO-DZI+*ION-1.OOI 
0 5 2 = - 1 ~ 0 0 + D N * D S 1  
GO TO 1 
E N 0  

m 

25 DINT=O.OO 
RETURN 
E N 0  



F U N C T I O N   D S 4 P I l D Z l  F U N C T I O N   D S P I l D Z l  
DOUBLE P R E C I S I O N  O S P I I D Z ~ O C T A U ~ I O N ~ D S I ~ O ~ N  
COMMON I C /  OCTAUZvDNnD2N 

2 DSI=l.DO-DZ-IIl.DO-DZI~~DNI 
RETURN 

GO TO 1 
E N 0  

COMMON I L I  K 
I F  IK.GT.Ol GO TO 2 

END 

F U N C T I O N   D S 3 P l l D L l  
DOUBLE  PRECIS ION DS3PI,DZ.DCTAU2~DH1DSl~OS2~D2N 
COMMON I C /  OCTAUZ*DNrD2N 
COMMON I L I  K 
IFIK.GT.01 GO TO 2 
D S l ~ O Z * * I O N - 2 ~ D O I  
OSZ.DZ**lO2N-3.OOI 
D S 3 P I ~ D C T A U 2 * D N + l O N - ~ ~ D D l + l - l D N + ~ ~ D D l ~ D S ~ + 2 ~ D O ~ l D 2 N - l ~ D O l + D S 2 ~  

GO TO 1 
E N 0  

D D U R L E ~ P R E C I s l O N  DS*PI,DZIDCTAUZ,DN~D~N,DSI~OS~ 
COMYON I C /  DCTAU2.DN.DZN 
COMMON I L /  U 

F U N C T I O N   D 5 5 P I l O Z l  
DOUBLE  PRECIS ION O S ~ P I ~ D Z ~ O C T A U ~ ~ D N I D ~ N ~ D S ~ ~ D S ~  
COMMON I C 1  DCTAUZ*ON,02N 
COMMON / L /  K 

D S l = D Z + * l D N - 4 * D O I  
I F  IK.GT.0) GO T O  2 

DSZ.DZ*+lD2N-5.OOI 
1 0 5 5 P l r D C T A U 2 * D N ~ l O ~ - l ~ D D ~ * l O N - 2 ~ D O l * l - l D N + l ~ D O ~ ~ l O N - 3 ~ D O l * D S l +  
1 4 ~ D O ~ 1 0 7 N - 1 ~ D O l * i 0 2 N - 3 ~ O O I ~ D S 2 l ~ ~ ~ D D  

RFTURN 
2 DS1=-1i1~DD-DZl*~ION-4~DDII 
.~ 

DS2=-IIl.DO-DZI~+ID2N-5.DOII 
GO T O  1 
END 

F U N C T I O N   D S b P l l O Z l  
DOUBLE  PRECIS ION O S ~ P I ~ D Z I O C T A U ~ I D N ~ D ~ N ~ O S ~ ~ D S ~  
COMMON I C /   D C T A U 2 , D N l D Z N  
COMMDN I L I  X 

F U N C T I D N  D57PIlOZl 
DDUBLE  PRECIS ION D 5 7 P I ~ D Z ~ O C T A U 2 ~ D N ~ 0 2 N ~ D S l ~ D S 2  
CDHYON I C 1  OCTLUZ,DNbD2N 
COMMON / L I  U 

D S I = D Z * * I D N - b m D O I  
DSZ=OZ*+lD2N-7.D01 

IF IK.GT.01 GO T O  2 

b 
P 
f' 
a 

m 



SUBROUTINE D H P C G I P R M T I Y ~ D E R Y I N O I M ~ I H L ~ ~ F C T ~ O U T P ~ A U X I  
C 

DIMENSION P R M T l l l ~ Y l 1 I ~ D E R Y I l I ~ A U X 1 1 6 ~ 1 l  
DOURLE  PRECISION Y ~ D E R Y 1 A U X I P Q M T . X ~ H I Z l O E L l  
DOUBLE  PRECISION  DABS 
COMMON /E/ MM 
11.1 

X.PRMTlI I 
IHLF=O 

H-PRMT I3 I 
PRMTISI-O.DO 

AUX116*II=O.DO 
AUXlIS.Il-DERYIIl 

IFIH.IPRMTrZ)-Xl131214 

no I I=I,NDIM 

1 AUXll.Il=YlIl 

C 
C  ERROR  RETURNS . 

2 IHLF.12 
GO TO 4 

3 IHLF=lI 
C 
C  COMPUTATION  OF  DERY  FOR  STPRTING  VALUES 

& C4LL  FCTIX.Y*DERYI 
IF IMM.GT.11 RFTURN 

C 
C  RECORDING  OF  STARTING  VALUES 

CALL OUTPlX~Y.OERY,lHLF~NDIH,PRHTI 
IFIPRMTOI16.5.6 

5 IFIIHLF17*7,6 
6 RETURN 
7 DO B I=l,NDIH 
B AUXlB~lI=DERY(II 

r 
C  COMPUTATION  OF AUXl2.II 

GO To 100 
I S V =  1 

C 
9 X = X + H  

IO A U X ~ 2 ~ l l ~ Y l l l  
DO 1 0  I=l.NDIM 

C 
C  INCREMENT H IS TESTED  BY  MEANS  OF  BISECTION 

11  IHLF=IHLF+l 
X.X-H 

1 7  4UX14rIl.AUXl2rl) 
00 12 l=l*NDlM 

N. 1 
H*.SDO*H 

GO TO 100 
ISY.? 

C 
13 X.X+H 

CALL FCTIX.Y.DERYI 
IF IMII.GT.ll RETURN 
H. 2 
DO 14 I=I*NDIM 
AUXlZ~I1=Y1II 

14 AUXf9~1l=DERYiII 
I s u = 3  
GO T O  100 

C 
C  COMPUTATION  OF TEST VALUE  DELT 

1 5  DELT=O.OO 

16 DELT=OELT+AUXII5~ll~OABSlYIII-AUXI4~l~I 
DO 16 I-lrNDlM 

DELT=.06666666666666670O*DELT 
IFIOELT-PRMT141119.19~17 

17 IFIIHLF-10111r10~18 
C 
C NO SATISFACTORY  ACCURACY  AFTER  10  BISECTIONS.  ERROR  MESSAGE. 

I 8  IHLF=II 

GO TO 4 
X.X+H 

C 
c THERE Is SATISFACTORY  ACCURACY  AFTER  LESS  THAN  11  BISECTIONS. 

19 X-X+H 
CALL  FCTlXIY.OERY1 
IF IWl.GT.1I RETURN 
DO 20 I-ltNOIM 
AUX13.1l=Y11I 

70 AUXllO~II-DERYIII 
N.3 

GO TO 100 
lSY.4 

C 
21 N.1 

X.X+H 
CALL  FCT~XIY,DERYI 

X.PRMT I1 I 
IF 1MM.GT.II RETURN 

DO 22 I=I.NDlM 
AUXI11~1I=OERYl1I 

m 



C 
C  STA!?TlNG  VALUES A R E  COMPUTED. 
C NOW START HAHMINGS  MODIFIED  PREDICTOR-CORRECTOR METHOD. 

?no ISTFP.~ 
701  I F I N - 8 I ~ 0 4 ~ 7 0 2 . 2 0 4  

gr 
21 
P 
i 



7?13AlJX116~11-8~962962962962963DO~lYlll-AUXl~-3~lll 
I - ~ ~ l 6 l l 1 1 1 1 l I I I I I I D O + H + l D E R Y I I I + O C L T + A U X I N + 4 ~ l I l  
GO TO 221 

C 
r 
C H MUST BE HALVED 

?77 I H L F = I H L F + l  

223 H-.5DO*H 
I F I I H L F - 1 0 1 2 2 3 1 2 2 3 . 2 1 0  

I S T E P S O  
DO 2 2 4   I = l r N D I M  

O Y I I l ~ . 3 9 0 6 2 5 D - 2 ~ I B ~ D 1 + A U X l N - l ~ l I + 1 3 5 ~ D O + A U X I N - 2 ~ l l + 4 ~ D ~ ~ A U X l N - 3 r l I  
1+AUXIN-4rIll-.1171~75DO*lAUXlN+6~~l-6.DO+AVXIN+5~Il-AUXIN+4rlII~H 
O A U X l N - 4 ~ 1 1 ~ . 3 9 0 6 2 5 D - 2 ~ 1 1 2 ~ D O D A U X l N - l r I I + 1 3 5 ~ D O ~ A U X I N - Z ~ I 1 +  
I l O B . ~ O * b U X l N - ~ ~ l l + A U X l N - ~ ~ l l I - ~ 0 ? 1 4 3 7 5 ~ 0 + I A U X I ~ + 6 . 1 1 *  
71R.n0.4UXIN+5.II-~.DO*PUXlN+4~1Il*H 

2 7 L   A U X l N + 4 , I l = A U X I N t S , I I  
b U X I N - l ~ I l = A U X I N - 2 ~ I I  

X=X-H 
DELT=X- IH+HI  
CALL F C T l D E L T * Y * D E R Y l  
IF IMH.GT.1l RETURN 
DO 2 2 5   I = l , N D I M  
A U X I W - 2 ~ 1 I - Y I l l  

775 Y l I ) = A U X I N - 4 r l I  
A U X I N + 5 . I l = D E R Y I I l  

CALL  FCTIDELTIYIDERYI 
DELT-DELT-IH+HI 

I F  I L Y . G T . 1 1  RETURN 
DO 226 I = l . M D I W  
D E L T . A U X l ~ ~ ~ ~ I l + A U X I N + 4 ~ l I  
DELT=DELT+DELT+DELT 

O A U X I 1 6 r I l ~ ~ ~ 9 b 2 9 b 2 9 6 2 9 b 2 9 6 3 D O * ~ A U X l N - ~ ~ I l - Y I I l I  
1-3.3611l1ll1ll11lIDO~H~1AU~1N+6~lI+DELT+DERYlIII 

226 A U X l N + 3 ~ 1 l - D E R Y I I I  
GO TO 2 0 6  
END 



C PROGRAM  FOR D E T E R M I N I N G  THE  LOUER C R I T I C A L   M b C H  NUMBER ON N O N L I F T I N G  
C n n 0 l F S   n F   R F V O L U T I O N   H A V I N G   O R D I N A T E S  R PROPORTII INAL T O  X - X + W  OR 
C I - X - l 1 - X 1 + + N  q Y  USING  THF METHOI) OF LOCAL  L IVEARIZ4T ION- - fOR  REFERENCE 
C  SEE  SDRFITER.JaRo AND ALKSNEIA.Y..NASA T R - R 2  
C 
C 
~t....*t....tl*t....****.***~*.~***.**********~*'.***..~****..~*~***.~** 

C  THE I y P U T  DATA  FOR T H I S  PROGRAM ARE ALL  REAL  CONaIANT5  AN0 ARE I N -  
C  PUTTEI) ON OYE  CARD  AS  FOLLOYS 
C COLUMNS 1 TO l O - - I Y I T I A L   E S T I M A T E  O f  LOWER C \ l T l C A L  M4CH  NUMBER 
C COLUMNS 11 TO 2O--LOCATION  AS  FRACTION OF  BODY  LENGTH l X / L l  Of 
C POSlTlOY OF MAXIMUM BOOY THICKNESS 
C  COLIJUVS 7 1  TO ?O--ClNENESS  RATIO OF BODY 
~'*+...f.'.....f*".+.~~****.*'**~.*...***~**************.**...~**.****** 

C 
C 
C W I N  PROGRAM 

REAL M 
D I M E N S I O N  D P R M T I 5 ~ r T ) Y I 1 ~ ~ D O E R Y l 1 I ~ O A U X 1 1 6 ~ 1 l  
D I M E N S I O N   X I I T K S 1 1 9 1 r D H E X P 1 1 9 1 r 3 Z S T 1 1 9 1  

COMMON / A /  D l M * D K  
EXTERNAL  FCTvOUTP 

COMMON / L /  K 
COMMON I C /  0CTAUZ.DN 

C O W O N  IRI  O L A S T X ~ D L A S T U ~ D L M D A E  
COMWY I S /  D B I G X ~ D 8 I G U . D U n l F F  
O A T A  X M T K S / 0 . 0 5 r . 1 0 ~ ~ 1 5 1 ~ 2 0 ~ ~ 2 5 ~ . 3 0 ~ ~ 3 5 ~ ~ 4 0 ~ . 4 5 ~ . 5 0 ~ ~ 5 5 ~ ~ b O ~ ~ 6 5 ~  

DATA O N E X P I ~ 8 ~ 7 3 1 ~ 3 5 ~ 6 4 9 ~ 1 9 . 1 7 3 ~ 1 2 . 2 1 5 . B . 3 9 b r b . 0 r * . 4 . 4 8 2 . 3 ~ 3 ~ 9 ~  
1 

1 2 . 5 9 5 ~ 2 . 0 ~ 2 . 5 9 5 ~ 3 . 3 8 9 r , . 4 8 2 . 6 1 0 0 4 . 8 1 3 9 6 , 1 2 . 2 1 5 ~ 1 9 . 1 7 3 ~  
7 

DATb 0LST~0~0077126~0~01918210.033578.0.050724~0~070564~0~093097~ 
1 0 ~ 1 1 8 3 5 6 ~ 0 ~ 1 4 6 ~ 0 6 ~ 0 ~ 1 7 7 3 4 7 ~ 0 ~ 2 1 1 3 2 5 . 0 ~ 2 7 2 3 1 0 ~ 0 ~ 3 3 7 3 5 5 ~  
2 C~406294r0.479059~0~555659.01636159.0.720673~0~809353~ 
3 0 . 9 0 2 3 8 6 /  

.70~.75..80..85~.90~.95/ 

3 4 . 6 4 9 r 8 8 . 7 3 1 1  

C 
C R F b 0 l N G  A N 0   P R I N T I N G  OF INPUT  DATA 
C 

10 RFAn 15.8001 I I r X M T v F  
200 FORMAT I 3 F 1 0 . 2 1  

600 FORMAT  I IH1,35X78HCALCULATION OF  LOYER C R I T I C A L  MACH NUMBER FOR A 
WRITE 1 6 ~ 6 0 0 1  

2AL TO X-X**N OR l - X - l l - X l * * t l   B Y   U S I N G  THE 136X29HMETHOD OF LOCAL L 
I N O N L I F T I Y G  BODY OF REVOLUTION  136X71HHAVING  ORDINATES R PROPORTION 

3 I N E A R I Z A T I O N  / / / I  
IFIXMT.GE.1..OR.XMT.LE.O.I GO TO 303 
IFIF.LE.O.1 GO TO 304 

nr=r 
IFI~~.GT.~..OR.M.LE.O.I GO T O  3 0 6  

K.1 

DO 9 1 3  1.1119 
IFIXMT.GT..51 X = O  

J = l - l  

913 CONTINUE 
I F I X M T K S I I l - X M T I   9 1 3 ~ 9 1 4 r 9 5 1  

915 D N = D M E X P I I I  
DZSI.DZSTIII 
GO TO 950 

D N = O N E X P I J I + I D N E X P I I ~ - D N E X P I J I I / I X M T K S 1 I I - X M T K S I J I l ~ I X ~ T - X M T K S I J ~ I  
~ Z S ~ ~ ~ Z S T l J ) + l ~ Z S T l I ~ - 0 Z S T I J I I / I X M T K S I I I - X M T K S l J l I + I X ~ T - X M l K S l J l l  

0 5 0  C 2 N T I Y U E  
&.XUT 
IFIXUT.LT..~I A.1.-XYT 

5   D N ~ = D N - I .  
N I  T = O  

N l T = N I T + l  

A N I = A * * D N l  
I F I N I T . G T . 2 O I  GO TO 6 

ONUM-l.-DN*ANl 

ONFWN.O.I-IDYUM/DENOMl 
D E N ~ M . - A N 1 ~ I D N ~ A L O G I A I + I ~ I  

9 5 1   I F  II.EO.11 GO T O  9 1 4  

6 W91Tc 1 6 9 7 1  
1 FORMAT 14X49HEXECUTION  TERMINATED  BECAUSE  EXPONENT  N CANNOT BE 1 5 X  

GO T O  8 

1 4 9 H W T E Q M I N E I )  TO U ' I T H l N  -01 PERCENT I N   2 0   I T E R A T I O N S I  
GO TO 10 

C 
C 

7 

C 

C 
C  

353 

n F G I N N l N G  OF CYCLE  FOR NEW MACH  NUMBER 
DlM=1.-DM+DM 
nr=w.ou*?.t, 
Y*I=VN4I  
IF l ' IY.CIT.2OI  GO TO 5 0 0  

STAPT OF I N T E G R A 1  
DBIGX=O.O 
ORlGU*- IO.O 
DLASTXrO.0 
nLASTU=O.O 
D Y 1 1 1 = 0 . 0  
DOERYl1I.l.O 
?PRUT I 1  I =DZS 

I O N  PROCEDURE 

L O G I C  FOR CHOOSING NEW MACH NUEIEER 
I ~ L I w L F . G T . 1 0 1  GO T O  300 

IF111171fC.GT.l.E-61  GO TO 301 
IClnL*IDAE.LE.0.001 GO T O  30C 

L O G I C  FOR CHOOSING NEW MACH NUEIEER 
I ~ L I w L F . G T . 1 0 1  GO T O  300 
IClnL*IDAE.LE.0.001 GO T O  30C 
IF111171fC.GT.l.E-61  GO TO 301 



m 
P 

7 0 7  FORMIT IIH . 3 X ~ 1 1 ~ 4 X 1 E 1 2 . ~ . 5 X . E 1 2 ~ 5 ~ ~ X , ~ 1 2 . 5 l  
WRITF 16.2021 N Y v D M v D L A S T X v D L M ) A E  
I F I n ~ H ~ L ~ ~ l ~ E - ~ l  GO T O  10 

r)OH=DW4/2. 
r r ( n u L o m . L c . 0 . 0 0 1  GO TO 2 1 0  

710 7*.nM-nDM 

101 n u L o m = n M  
GO Tn 2 

W R l T F  (612021   NN*DM.DLASTX.DLMDAE 
IFInnH.LE.1.E-31 GO TO 10 
1FlOMUP8O.LE.O.001 GO TO 209 
n n u = n w 1 2 .  

209  r)M-nM+DDH 

5 0 0  W R I T E   1 6 r 5 0 1 1  
501 FORMAT  l lH0.100HPROGRAM  TERMINATE0  BECAUSE LOWER C R I T I C A L  MACH  NUM 

GO TO 2 

I R E R  NOT  DETERMINED T O  U I T H I N  a 0 0 1  I N  20  I T E R A T I O N S )  
GO TO 1 0  

6 0 1  FORMAT I1H *49HRODY  OF  REVOLUTION  AND FLOW F I E L D   C H A R A C T E R I S T I C S / /  

6 0 2  FORMAT I l H  r29HBODY MAX. T H I C K N E S S  A T  X I L  = 13X.E l2 .51  
603 FORMAT I 1 H  , 1 9 H F I N E N E S S   R A T I O   F  = .13X,E12.51 
6 0 4  FORMAT I1H r32HEXPDNENT  N  FOR BODY O R D I N A T E S  = .E12.51 

6 0 6  FORMAT I 1 H  . 2 6 H R A T I O  OF S P E C I F I C  HEATS - r 6 X e E 1 2 . 5 1  
605  FORMAT I I H  r Z O H S - - I X l  = 0 4 1   X I L  = .12X,E12.51 

400 FORMAT I IHO.42HXMT  MUST  BE  GREATER  THAN 0 AND  LESS  THAN 11 
30'3 WRITE 16 .4001  

GO TO 10 
304 WRITE l 6 r 4 0 1 1  
401 FORMAT  l lHD.42HFINENESS R A T I O  F MUST BE GREATER  THAN  ZERO1 

306 WRlTE ( b e 4 0 2 1  
GO TO 10 

402 FORMAT 1113H  FREE  STREAM  MACH  NUMBER MUST BE GREATER  THAN 0 AND L E  

1 1  

1SS THAN THE L O U E R   C R I T I C A L  MACH NUMBER U H l C H  IS LESS  THAN 1 I 
GO TO 10 
END 

I l l * D I N T l D X I  

RETURN 
END 

SUBROUTINE OUTP(DX.DY.nDFRY.IHLF.NDIn.DPRMTl 
O I H F N S I O N   D Y I l l ~ D O E R Y l l I r D P R M T ~ 5 l  
COMUON / E l  DEF 
CD'IMON /S/ D B I G X ~ O B ~ G U I D U D I F F  
D U - D I l l ) + D E ?  
D U D I F F - O B I G U - O U  

D B l G U - D U  
IFIDUDIFF.GT.O.Dl  RETURN 

DBIGX-DX 
RETURN 
E NO 

m 

7 1  F o R u A T  I i H O * 2 X * 4 5 H P R O G R A M   H A S   T E R M I N h T E D   B E C A U S E   T H E   F R A C T I D N A L / 3 X  

ZFR THAN THE S P E C I F I E D   T O L E R A N C E   I O T O L 1 / 3 X *   4 O H F O R  THE G I V E N  NUMBE 
1 9  47HERROR  SETWEEN TWO SUCCESSlVE  INTEGRALS OF DFUN I 3 X v 4 5 H I S   L A R G  

1R OF I T F R A T I O Y S  I N I T I I  

?? FORMAT l1H I ~ X S Z P H F R A C T I O N A L   I T E R A T I V E  ERROR = 93X1E14.7) 

END 
sTnD 

?O n F U N = r ) S 3 P I l D W l  
QETURN 

RETURN 
END 

F U N C T I O N   O F U N I I O Z I  
COMMON I t /  DY.DA2 
I F   I A B S I D Z - n W   l . L T . I . E - 6 I  GO TO 2 0  

T )FUNl . I0A2-DBZI / IOZ-DW I 
RETURN 
O F U N l ~ - D S 3 P I l O V I  
RETURN 
END 

~SZ-DSZPIIOZI 

F U N C T I O N   D S P I I D Z )  
COMMDN I C /   D C T A U ~ I D N  
C O M W N  I L /  K 
IF (K .GT.OI  GO TO 2 
DSI=OZ-DZ**ON 
DSPI=DCTAV2.DSI.DS1/16. 
RETURN 
0S1=1.OO-DZ-l l .OO-OZI . .DN 
GO TO I 
END 



1 

> 

1 7  

1L 

1 5  

1 6  

17 

1R 



GO T O  4 
C 
C THERE 15 S A T I S F A C T O R Y  ACCURACY  AFTER L F S S  THAN 11 B I S E C T I O N S .  

19 XEXCH 
C A L L   F C I I X I Y . T ) ~ R Y I  
IFImLYDAF.Lc.O.OI  RETURL! 

X I F i Y - 4 ) 7 5 , 2 0 0 1 7 0 0  
2 5  DO 2 6   1 = 1 v N D l H  

76 A U X 1 N + 7 , I I = O E R Y I I I  
A U X I N . I l = Y ( I I  

I F r N - 3 1 2 7 * 2 9 . 2 0 0  
C 

7 1  DO 2 8   I = l . N O l u  
D F L T = 4 U X I S ~ I I + A U X l 9 r I I  
D F L T = D € L T + D E L T  

GO TO 2 3  
78 Y ~ I ~ = A U X I ~ ~ I I + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ H * ~ A U X I ~ ~ ~ I + T ) E L T + A U X I ~ O I ~ I I  

C 
7 9  DO 3 0   I = I * N D I M  

n F L T = A U X l O . I l + A U X I 1 0 1 1 )  
OELT=OELT+OELT+OELT 

GO TO 2 3  
?O Y I I l = A U X I 1 r l 1 + . 3 7 5  ~H*lAUXl8rlI+OELT+AUXI11~IlI 

C 
C 

C THE  FOLLOWING  DART OF SUBROUTINC  DHPCG  COMPUTES BY MEANS OF 
c *.*.*..... tt.tt..tt+*.*~*~*..~.~~***.*..****..~.~~~..*.'*.***.*~** 

C RUNGE-KUTIA  METHOD  STARTING  LALUES FOR  THE NOT S E L F - S T A R T I N G  
C PREnlCTOR-COQUCCTOQ  METHOD. 

100 DO 101 l = l ~ N D l M  
Z . H * A U X I N + l * l l  
A U X I ~ I I I = Z  

1 0 1   Y l l I = A V X I N ~ I I + . 4 f Z  
C Z IS AN A U X I L I A R Y  STORAGE  LOCATION 
C 

C A L L   F C T l Z . Y * O E R Y I  
Z=X+.L+H 

IFlDLMOAE.LF.O.OI  RETURN 
DO 102 I = l . N D I M  
Z - H + o E R Y l I I  
A U X l b . I ) = Z  

1 0 2  YIII=AUXIN~I1*.29691161*AUX~5~11+~15R7595*2 
C 

A U X I l . l l = Z  
.. . 

C T F S T  WHFTHER H MUST  BE  HALVED OR DOUSLED 
OF1  T-0.q 
DO 209 I = l . Y O l U  

I F l r ) F L T - P R ~ ~ 1 4 1 I 2 1 0 ~ 2 2 2 ~ 2 7 i  
7 0 0  ~ F L l = O E L T + A U X 1 1 5 ~ 1 I + A Y S 1 4 U X l l 6 ~ l l l  

C 



3 

I 

C 
C  H COULD  BE  DOUBLED I F  ALL  NECESSARY P R E C E D I N G  VALUES A R E  
C AVAILABLE 

7 1 6   l F I I H L F I 2 0 1 ~ 2 0 1 ~ 2 1 7  
7 1 7   1 F I N - 7 1 7 0 1 . 2 1 8 * 7 1 8  

7 1 9   I M D D = I S T E P I Z  
7 1 8  I F I I S T E P - 4 1 2 0 1 . 2 1 9 . 2 1 9  

720 HmHM 
IFI~STEP-IYOD-I~ODIZOI~220~20~ 

I H L F = I H L F - 1  
ISTEP.0 
DO 221 I.lrNDlM 
A U X l N - l ~ l l = A U X l N - 2 ~ l l  
A U X I N - ~ , ~ I . A U X I E I - * I I ~  
4 U X l N - 3 ~ 1 I . A U X l N - 6 r l I  
4 U X l r ( r b . l l - A U X l M + 5 , l I  

A U X l M + 4 r l l . A U X l r ( + l . I 1  
A U X I U + ~ ~ I I . A U X I N * ~ I I I  

O E L T = 4 U X l U + b ~ 1 I + A U X 1 M + 5 r I I  
OELT=OEL l+OELT+DEL l  

771  AUXI1b~I1-1.9b29b296+1Yl1I-AUXIN-3~IlI-3~36111111~H*lDERYII)+OELT 
I + A U X I N + 4 . I l I  

GO T O  2 0 1  
C  
C 
C  H MUST BE  HALVED 

7 2 2   I H L F . I H L F + I  

2 2 1  H"5.H 
I C I I H L ~ - I O I Z Z ~ . ~ ~ ~ ~ Z I O  

ISTFP.0 
DO 2 7 4  I.l.NDlM 

1 A U X I r ( - 4 ~ I l l - ~ 1 1 7 1 8 7 5 ~ l A U X l N + 6 1 1 l - 6 ~ * A U X I N + 5 ~ 1 l - A u X l N + 4 ~ l l l * ~  
~ 1 1 l = ~ 3 9 0 6 2 5 E - 2 ~ l l ~ E l ~ A U X l N - l ~ l 1 + 1 3 5 ~ * A U I I N - 2 ~ I I ~ 4 ~ E l * A U X l N - 3 ~ l ~ +  

~ ~ I ~ + ~ U X I M - ~ ~ I I I - ~ ~ ~ ~ L ~ ~ ~ * I A U X I N + ~ I I ~ + ~ ~ . * A U X I N + ~ ~ I I - ~ . * ~ U A ~ E ~ + ~ ~ I ) ~  
A U ~ l N - 4 ~ l l ~ ~ 3 9 0 6 2 5 E - 2 + 1 1 2 ~ . A V X I N - 1 ~ I I + 1 3 5 ~ * A U X I N - 2 ~ l l * 1 0 8 . t 4 u ~ l q - 3  

2lH 

21b  4 U X I U + ~ . I l . A U X I I I + 5 ~ l I  
A U X I U - Y ~ I I . A U X l N - 2 , I I  

XmX-H 
OELT.X-IH+HI 
CALL   FCTIDELT*Y ,DERYI  

DO 2 2 5  I.lvNDlM 
I C I D L . I D A E . L C ~ O ~ O I  RETURN 

A U X l N - 2 ~ l l - Y l l l  

225  Y l l l ~ A U X l U - 4 ~ l l  
A U X I M + 5 , I I = D E R Y I I l  

DELT-DCLT- IH+H l  
C4LL  FCTIDELT.Y.DERY1 

DO 7 2 b  I = I ~ M D I *  
IFlOLMDAE.LE.O.OI  RETURN 

D ~ L T ~ A U X I M + ~ ~ ~ I + A U X I H + ~ I I ~  
OELT.MLT+DELT+OELT 
AUII1brll=l~96796296+I4UXIN-1~II-YI111-~.3611~111~~~1AuXIN+6~1I+ 

7 7 6   4 U X l r ( + 3 * l l = D E Q Y I I )  
I D E L T + O E Q Y I I I I  

GO T O  2 0 6  
EN0 

m 



3 
C 
C   READING AND P R I N T I N G  OF INPUT  DATA 

200 FORUAT  13F10.21 

600 FORMAT l l H l ~ 3 5 X 7 8 H C A L C U L A T I O N  OF  UPPER  CRIT ICAL   MACH NUMBER  FOR A 

10 READ 15,2001 M9XMT.F 

W R I T E   1 6 , 6 0 0 1  

l N O N L l F T I N G  B O D V   O F   R E V O L U T I O N   / 3 6 X l l H H A V I N G   O R D I N A T E S  R PROPORTION 

3 I M E A R I Z & T I O N  1 /11  
7AL TO X-X**N OR I - X - l l - X l * * N   B Y   U S I N G   T H E   / 3 6 X 2 9 H M E T H O D  OF LOCAL L 

DM" 
I F I X M T . G E . I . . O R . X M T . L E I O . I  GO T O  3 0 3  
IF1FaLT.O. I  GO T O  3 0 4  
1FlM.LT. I . I  GO T O  306 

C   n F G l N N l N G   O F   C Y C L E   F O R  NEW MACH  NUMBER 
2 D1M=DM*DM-l.O 

DU=DM*DM*2.4 
N N = Y N + I  
IFINN.GT.ZOI GO T O  5 0 0  

c 
C  START  OF  INTEGRATION  PROCEDURE 

DYI11.0.0 

n P R M T l I l - O Z S  
DDERYl11.1.0 

O P R M T 1 2 l = D Z O  



3 0 1  

209 

DMLO0D.DM 
W R I T E   l b e Z 0 2 1   N N ~ O M ~ O L A S T X ~ O L M D A H  
IFIDOW.LE.I.E-3I Go TO 1 0  
IF IOMUP0O.LE~0 .01  GO TO 2 0 9  
OOM*00M/2. 
OM.OM+DDM 
GO TO 2 

$00 WRITE 1 6 ~ 5 0 1 l  
$01 FORMAT  I lH0*100HPROGRAM TERMINATED BECAUSE  UPPER  CRITICAL  MACH NUM 

.. . - 

l B E R  WOT DETERMINED TO Y I T H I N  e001 IN 20 ITERATIONSI 

601 FORMAT IIH r 4 9 H I O O Y  OF REVOLUTION AND FLOW F I E L D   C H A R A C T E R I S T I C S / /  
GO TO 10 

602 FORMAT IlH *29H0OOY MAX. THICKNESS A T  X I L  . .3X*E12.51 
603 FORMAT I l H   r l 9 H F I N E l l E S S  R A T I O  F * e13X.El2.51 
604 FORMAT Ill4 r 3 2 M € X W M E N T  N FOR BODY ORDINATES I eE12.51 
LO¶ FORMAT I1H 1 2 0 t l S - l X I  rn 0 AT X I L  - ~ 1 2 X 1 E 1 2 . 5 1  
606 FORMAT I l H  .26HI IAT IO OF S C E C I F I C  HEATS rbX .E l2 .51  
3 0 9  W R I T E  l b r 4 0 0 l  
4 0 0  FORMAT I I H O I ~ Z H X M T  MUST BE GREATER THAN 0 AN0 LESS THAN 11 

GO TO 10 

4 0 1  FORMAT I l H 0 ~ 4 2 t t ? I N E N E S S  R A T I O  F M U S T  BE GREATER THAN ZERO1 
3 0 4   W R I T E   I b * 4 0 1 1  

GO TO 1 0  

4 0 2  FORMAT I #OH FREE STREAM MACH NUM0ER  MUST BE GREATER THAN THE  UPPE 
YO6 W R I T E   I b * 4 0 2 1  

1) 

1R C R I T I C A L   W H I C H  IS GREATER THAN 1 1  
GO TO 10 
Eno 

S U 0 R O U T I M E   F C T I D X ~ D Y ~ O Z I  
DIMENSION OYIlIrDLIIl 
COMMON / A I  O l M r D K  

C O W N  / E l  DHF 
COMMON I C /  DCTAU2rDM 

CCMro*  I L I  K 
cmm~ I n 1  OLASTXIWASTU~DLMOAH 
DLASTX.DX 
I f lOX.LT. l .E-6I  GO TO 2 
D A A ~ O S P I I D X I I I D X + O X I  

OHF~DA2~ALOGIDAAl+2~OO.DlnT IDXI  
O A 3 = D S 3 P I l O X I  

D L A S T U ~ O V t l I + D H F  
D L M O A H ~ D l M + O K * l D L A S T U l  
IFIDLMDAH.LE.O.OI RETURN 
O Z l l I ~ D A 3 ~ A L O G l D L M O A H l  
RETURN 

O A A u D C T A U 2 / 1 6 ~  
OX=O. 
GO TO 1 

GO TO 1 
DX-0. 

END 

1 O A 2 * D S Z P l I O X I  

2 I F I K ~ G T ~ O I  GO TO 3 

Y DAA~OCTAU2*IDN-1~00l~lDN-l~OOl/l6~ 

N.N.2 
DH.OH/Z. 
DSUM3.O.O 
NL1M.N-1 
00 2 K. I .NLlMr2 
OK-K 

OANS~OH+lDSUM1+2~00+DSUMZ+4.OO~OSuM3l/3.  
OERR-IOANS-OANSII  

2 OSUM3~OSUM3+FUNlDXL+OH~OKl 

FUNCTION DRSQIDZI 
COMW3N I C /   O C T A U 2 * D M  
C O c * o N  I L I  I: 
IF IK.GT.OI  GO TO 2 
O S 1 m O Z * ~ I O N - 1 ~ 0 0 1  
O S 2 * I ~ O O - D N * D S l  
D R S ~ ~ O C T A U 2 * D S Z * D S 2 / 4 .  
R E T M N  

1 

2 

E N 0  

m 



ID 
0 

C Y "  

! s*=7 
r.n To I C C  



7 7  

?4 
7 5  

?6 

?7 

7 1  

C 
2 9  

10 

C 
C 
C 
C 
C 
C 

100 

101 
C 
C 

1 07 
C 

...*.............*......t.tt............**~.*..*~.*.**.****.~..**. 
THE  FOLLOYING  PART OF SUBROUTINE  DHPCG  COMPUTEi kY MEAN>  OF 
RUff iE-KUTT4  METHOD  STARTING  V4LUES FOR THE NO1 I r . L F - S I A R T I N G  
PQ€nlCTOR-CORRFCTOR  METHOD. 
DO 101  I = I . r (D lN  
Z .H*AUX I M + l  1 I 
4UX15.11=2 
Y I I ~ = A U X I H I ~ ~ + . ~ * Z  
2 15 AN A U X I L I A R Y  STORAGE L O C A l I O N  

CALL  FCT12.Y.nFRYI 
Z.X+.b*H 

1Fl~LMDAH.LF.O.OI  RETURN 
DO 1 0 2   I * l ~ N O I M  
Z.H.n=PY I 1  I 
AUX16.1I.Z 
Y I ! I = 4 U X I N ~ l l + . 7 9 6 9 7 7 6 1 + A U X I 5 ~ 1 I + . 1 5 R 7 ~ 9 6 ~ + ~  

Z.X+.45573125*H 

r 
C D O S 5 l R L E  BRE4K-POIYT FOR L I I l K 4 G E  
c 

7 0 6  ISTFP. ISTFP+I  
.. ~ .. . , 

00 2 0 1   I = l . N O l M  

7 0 7   4 U X I l b . i l - D E L l  
C PREDICTOR IS NOY GENERATED I N  ROY 16 O F  AUXI MOOIFIED  PREDICTOR 
C IS GFYFR4TED I N  Y. D E L 1  MEANS  AN A U X I L I A R Y  STORAGE. 
c 

C 4 L L   F C T I X v Y . D F R Y I  
IFI~LMO4H.LE.O.OI   QETURN 
n F Q 1 V A T I V F   O F   M O O l F l F D   P R F D I C T O R  IS GENERATED I N  DERY 

C  TEST  YHETHER H MUST BE  HALVED OK DOUBLED 
OF1 1;n.O 

c 
r 



718 I F I 1 S T E P - * l 2 0 1 ~ 2 1 9 ~ 2 1 9  
219 IHOO=ISTEPIZ 

720 H=H+H 
1FIISTEP-IHOO-IHODI201~220~20~ 

IHLFxIHLF-1 

DO 221 I=l.NDIH 
ISTEP.0 

A U X l N - l ~ I I = A U X I N - 2 ~ I l  
AUXlU-2~1I=AUXIN-4.Il 
AUXIN-~,IIIAUXIN-~.II 
AUXIN+6rII=AUXIN+5~II 
A U X I H + S ~ I I = A U X I H + 3 ~ 1 I  
A U X I N + ~ I I I . A U X I ~ + ~ ~ I I  
DELT=AUXIU+6,II+AUXlU+5,1I 
DELT=OELT+DELT+DELT 

221 A U X I 1 b ~ 1 1 ~ 8 ~ 9 6 2 9 6 2 9 6 * 1 Y I I I - A U X I N - 3 ~ 1 l I - 3 ~ 3 6 1 1 1 1 1 1 + H ~ l D E R Y ~ I ~ + O E L T  
1+AUXIN+4,1Il 

GO TO 201 
C 
C c n MUST BE HALVED 

277  IHLF=IHLF+l 

223 H..S*H 
IFIIHLF-101223.223~210 

ISTEP.0 
DO 224  I=l*NDIM 
Y l ~ l = ~ 3 9 0 b 2 5 E - 2 * I 8 ~ E ~ * A U X l N - l ~ l l + ~ 3 5 ~  +AUXIN-2.II+4.E1+AUXIN-3~lI 

AUXIN-4~11..390625E-2~112. *AUXlN-I*Il+135.  +ALIXIN-ZIII+ 
l + A U X l N - 4 ~ 1 1 1 - ~ 1 1 7 1 8 7 5  +IAUXIN+b,11-6. ~ A U X I N + ~ I I I - A U X I N + ~ ~ I I I * H  

1108. ~AUXIU-9~1l+AUXIN-4~I11-.0234375 * I A U X I N + b ~ I I +  
218. +AUXIN+5.11-9. *AUXlN+4*lll*H 
AUXIN-3,Il*AUXIN-2~1l 

??4  AUXIN+4~1I=AUXIN+SrII 
X m X - H  
DELTrX-lH+Hl 
CALL  FCTIDELTIY*DERYI 
1FIDLMDAH.LE.O.OI RETURN 
DO 225 I.l*NDIM 
AUXIU-2.II=YlII 
AUXIN+5,II~DERYIII 

225  YIII=AUXIE(-4,II 
DELTmDELT-lH+HI 
CALL  FCTlDELT*Y,OERYI 

DO 226 I.l*NDIH 
IFIDL~DAH.LE.O.OI RETURN 

D E L T = A U X I N + ~ I I I + A U X I N + L ~ I I  
DELT=DELT+DELT+DELT 
A U X l l b ~ I l - ~ ~ 9 6 2 9 b 2 9 6 * I A U X l N - l ~ l I - Y I I I I - 3 ~ 3 6 1 1 1 1 1 1 + H + I A U X I N + b ~ l l  

I+DELT+DERYIIII 

END 



C  EMTIRE  LEWGTH OF THE  RnDY,  9Y I l C l l l G  T h e   b I E T U n n   n F   L n C A L  I . I l ~ ' L a ? l Z A -  

C J.R. AND  ALKSNE,A.Y.,NASA T I - R 2  1,1.1P HEASI.El,':.A. A b ' n  SPQkITFP,J.?.r 
C T I O N  AN0  THE  TRANSONIC  Fnl l lVALE, \ ICF RIILE--FL,Q R tFFREhICE  <F$   SPREITEQ,  

C  NASA  TR-131P 
C 
C 
~ * * * * C f * c ~ * * + e * o t ~ t * t * * ~ t ~ * ~ ~ ~ ~ ~ ~ ~ * ~ ~ . : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ ; r ; r * r t ~ t ~ * ; v r ; : - : . . ~ c ~ * ~ . - ~  
C  THE  INPUT  DATA FOR T H I S  PQOGt!AII ARE ALL   PFeL   CnNSTAr lTS  AimQ L R C  11,'- 
C  PUTTED ON W E  CPRO  AS  FOLLOWS 
C  COLUMNS 1 T n  10--FRFF STREAP, 1hACH  EIUliPER 
C  COLIIMNS I 1  TO 2 0 - - H A T l n   n F  MAJOR T O  M l N l l E  AXFS OF E L L I P T I C  CRCISS 
C  SECTION 
C  COLUMNS 2 1  T O  3 0 - - F I N E N E S S   R A T l n   n F   E O U I l t A L C h ~ T  RUDY (IF ~ k ~ ' O L I 1 T l O h '  

C  PRESSURE O I S T R I R U T I O H  PRINT-OUT 
C  COLUMNS 3 1  TO  4O-- IEITERVAL  SIZE AS FRACTION  f lF   Pf lDY LF:r.TLi  FOR 

C  COLUMNS 41 TO  80--FOUR AFIGULAQ LOCGTI l l I4S lli>l DEGQEESI  @PI TPE YOOY 
c SURFACE WITH E A C H  SUCCESSIVE ANGLE UCCIIPYIIIG A  S P A C E  LIF I C  c n L I w s  
C 
C 
C  THE  OUTPUT  PRESSURE  DISTRIBUTIUUS ARE G l V E X  ON THE POl)Y SIIVFACE bNO 
C  AT  MULTIPLES OF THE  MAXIMllM  fl lA'lETER U I =  l / F I P I E b ~ E S S   R b T l n l  OF THE 
C  EOUIVALENT  BODY OF REVOLUTION  Ol lT T O  i t  I l h X l ~ l l M   0 I S T b N C E  11F PT, Ahln 
C  AT  THE  Ff l l lR  INPUTTED  ANGIILAQ  LnCATIOhIS OF THE  AZIMUTHAL  bA'GLE, 
C  THETA, I N  THE  CROSS  FLOH  PLANE 
C 
C 

C 
C 
C   M A I N  PROGRAM 

CI*tlotortto*o+*tUt85C~~*=t~*=~=~=t:::~:~~t:~~*:~=**t==*=:*~=~==~:===~~= 

I M P L I C I T   R E A L * E I O 1 ~ C O H P L E X ~ l h f C )  
COMPLEXt l6   DCHPLX 
DIMENSION O P R M T 1 5 1 ~ O Y I I l ~ n O E R Y 1 1 1 1 D A l l X f 1 6 ~ l )  
DIMENSION C T H f 4 1 r C 1 1 4 1 ~ O T H 1 4 ~ ~ O T H ~ l 4 ~ ~ ~ l R ~ f 4 ~  
EXTERNAL  FCTvf lUTP 
COMMON /A/   OlMpOK 
COMMON /0/  M U  
COMMDN /CC/ DTAUZ ~ ~ ~~ 

COMMON / X /  D L I D L ~ , D L ~  

COMMDN /MRMC/ 0HRTE.OMRM 
COMMON /'I/ C l r D T H l t D R B  

100 FORMAT 181010.2I l  
W R I T E  16.6001 
1FIDF.LE.D.I G n  TO 304 
IF lDL.LE.0.)  GO T @  3 0 5  
IF IDM.GE.1 . .OR.OM.LE.O. I  GO TO 306  
IFlDX.LE.@..OR.OX.GE.1.1 G O  T n   3 0 7  

10 REA0 15,1001 D h l ~ O L v O F v D X ~ O T H  

O P 1 = 3 . 1 4 1 5 9 2 b 5 3 5 0 9 7 9 3 0 0  
DGAMMA=l.sOO 
nna=nx 

DZF=.9000 
oZ0=;02DO 

OTAUZ=DTAll*OTAII 
DTAU=l.DO/nF 

olM=oMeDM-1.n0 
OK=OM*DM*2.400 
MH- 1 
DZS=.211324R654051871DD 
DO 5 0 0  1 = 1 . 4  
D T H l l l ) = O T H f l I  
DTHfII-DPI~IITHIII/lHO.OO 
D A A = O C O S l O T H l l  ) I  
DBB=oL=oSIP  (nTHf 1 ) )  

CTHII1=DC~IPLXID.OfI~OTHlIII 
DRBl~I=DL/nsnr(TInAA:nrn+l~aRnnrfil 

500 C l l l I = C D E X P I C T H I I I )  

103 
2 3  

OPRMTl11=0ZS 

O P R M T l 3 l = - . 0 0 1 0 0  
D P R l r T I 2 l = n Z O  

N O I M = I  
OPRF:T14)=1.O-h 

CALL  O H ~ C G I O P R ~ T I D Y I O D E R Y . N D l n l  
1 F I I H L F . G T . I O I  60 T O  10 
I F I W . G T . I I  GO TO 10 

WRITE  16 .1031  
FOR'.lAT I I H 0 7 4 4 H S T A R T  OF IWTEGRL 
W R I T E   l h . 5 1  

f l D E R Y I 1 1 = 1 . 0 0  

D P R M T f Z l = n Z F  

WRITE 16.lun1 

o Y l l I = o . n o  

D P R U T I ~ I = ~ Z S  

IHLF,FCT.OUTPIOAUXI 

T l O N  FRO14 5 " f X I  = 0 T A I L  / I  I 

OPR*'~T13I=.OF1OO 
O P R U T I L ) = l . n - 6  
N n I R = l  
IFID"RI'.Fn.C!. 1 GO TO 9 2 2  
MRM=MRH-l  
DYRTE=I*RI.I 
T)14RTE=D1~RTFI-OUIl 

9 2 2   C O h l T l N l l E  
DMRM=DllI:  

C A L L  D H P C T . l O P R I ~ l T ~ D Y ~ f l O F R Y ~ N O I H ~ I H L F . F C T , ~ U T P , l ) A l J X )  
G O  T O  1n 

6 0 0   F n i l M A T  1 1 H 1 r 3 5 X h 7 H C A L C I I L A T I f l N  OF THE  SURFPCF  AN0   FLOC  F IELD  PRESSl l  
1RE O I S T R I P I I T l n h l  FOH /3hX65HPI IRELY  SUBSONIC FLflW ASOUT A N O N L I F T I N G  
2  PARABOLIC-ARC 600Y7 N P I C H   1 3 6 X 6 5 H H A S   A N   E L L I P T I C   C R O S S   S E C T I O N  
3TH4T M A I N T O I N S  b CONSTANT R L T I O  OF 1 3 6 X h 5 H M A J 0 9  Tn E:IWOR AXES  ALO 
411C THE EVTIPF  LENGTH  OF  THE BODY. BY  USIb 'G   136X63HTHF  PFTHnD OF L O  
5 C A L   L I * ' E L R I Z b l I O b I   A N 0   T H E   T R A N S O N I C   E P U I V A L E N C E   / 3 6 X 4 H R I l L E / / / l  

hO2  FORMAT ! ~ 3 1 H R A T l O  OF :4AJOlc.JTMINOR AXES = ,5Xe012 .51  
6 0 1  FORMAT l l H  r 3 5 H - $ 0 0 Y   A h 8 n   F L O l 4   F I E L D   C H A R A C T E R I S T I C S / / I  

6 0 4  FORMAT I l U  , 2 l ? i S " I X l  = 0 bT X I L  = ,16Xlrt1?.51 
6 0 3  FORMAT I 1 H   1 3 h H F I N E N E S S   R A T I O  OF EOUIVALENT  ROnY = r O l Z . 5 1  

h 0 5   F O Q M T  I I H  , 2 6 U P A T I O   [ I F   S P F C l F l C   H E A T S  = .!1X,n12.5) 
606 FOR'AT  f l u  ,26HFREE  STFEAl l   MACH R'1IL:RER = ll( lXln12.5) 

4016 Ffi'"AT I I ~ ~ , ~ O ~ ~ F I ~ ~ ' F t I E S S   R L T l O  1111ST r E  GQF0,TFR  TPAN  ZFRI'I  
3 n 4  . ' 7 I T F  Iht411n) 

G O  i n  I O  



50 

60 
30 

END 

I F l D X . L E . . ~ I . f l R . 0 X . G E . . 9 9 )  Gn T n  30  
I F l O H R M l  5 O 1 3 D 1 b 0  
IF IOX.GT.OHRTEI  RETURN 

D I I = D Y l l l + n E F  
I F I D X . L T . n W R T E I  RETURI.1 
t n  T n  30 

~ C P L = ~ . D O * ~ U  
~ A = ~ . D O * ~ $ ~ P I I ~ X I  

D R F = . 5 0 0 ~ ~ L Z / l D X ~ l l . n o - n x l l  
n P = n R S P I O X l  

no I 1 - 1 . 4  





C, PROGRAM F n R   O E T ~ R M l N I N C   T H F   S l l R F A C E  A N D   F L I I Y   F I E L O   P Q + S C I I P F  I I I \ T " I -  
C RI IT IONS  FnR  FREE  STRFALI  MbCr CIl(.IRERS A 5 l l V E  T H E   I I P P E R   C Q I T I C A L  w 
C   N O N L I F T I N G   P A R A R n L I C - A R C  R O n I E S .  ',!HIGH H A V t   F L L l P T l C  C R f l 5 C  5 c C T I " , ~ ' C  
C T H A T   l l A l N T A l N   A  C l l ~ S T b h l T  R A T I O  OF l*bJllR T O  MlNnR  PXES  bLPFlG  THF 
C ENTIRE  LENGTH OF T H F   P o n y ,   B Y  IISINC, T H E   M E T H W  OF L O C A L   L I > 1 F b R I I L -  
r. T I O N  AND  THF  TRAPISl lNIC  E3111VALEi%ICF  Rl lLE--FI lP  9FFFREECF S F 6  5 P R k I T F ? r  
C J.R. AN0 ALKSNE,A.Y..NASA T R - 9 2  b N l  HEASLET,I.#.h. Ai , ' l l  SP2FITER7J." . ,  

c 

~~ 

r. E ~ A S A  ~ ~ - 1 3 1 ~  

C THE  IPIPUT  DATA FOR T H I S  PROGPA4  ARE A L L  Q F i l l .  Srlhl5TAhlTS Oms,> I R E  I L I -  
C PUTTED  ON OPlF C A R l  b S  FOLLOWS 
C COLllMFlS 1 T O  1O"FlcFE  STREAFi X I C H  LUI.IBkR 
C COLIJMNS 11 T O  2 O - - K A T l n   O F  ElAJrlR T I l  M I I ' I P D  h X F S  [I!- E L L I P T l r :  C R n S S  
C S t C T I O N  

C C O L l l M W  31 T O  4@-- INTERVAL S I Z E  AS  FRACTIf l f i I  n F   P n O Y   L € N G T W   F l l R  
C CnLllMClS 2 1  TO  30 - -F INENESS  RATIO  OF  EnUI l JALENT R f l l l Y  I l F   Q F ~ ~ 4 I L I I T I I I I ~ ~  

C CnLIIMMS 41 TO  RO--FOIIR  ANGULAR  LflCdTlOFlS I I h I  OEGRFES) Oh T U €  H l l O Y  
C  PRESSURE O l S T R l P U T l O M  PRINT-OUT 

C SURFACF  WITH  EACH S l l C C F S S l V E  ANGLE  UCCUPYlE!C  A   SPICF  nF 10 COLlJI.lhlS 
C 
C 
C THE  DVTPUT  PRESSIJRE  DISTRIRIJTIONS  ARE  GIVEN ON THF R P l l Y  SI IPFACF  A lW 
C AT  MULTIPLES  OF  THE  MAXIMUM  D IAMETER 0 I =  l / F I N E N E S S   R A T l l l l   O F   T H E  
C  EOUIVALENT BODY OF REVOLUTION OllT T O  A   M A X I M l l i l   n I S T A K F   O F  RD &Nn 
C AT  THE  FOUR  INPUTTED  ANGIILAR  LOCATIONS  OF  THE  PZIMUTHIL  Ih 'GLE,  
C THETA, I N  THE CROSS FLOW  PLANE 
C 
C 

C 

C   M A I N  PROGRAM 

C t + + l * 8 r ~ t * t * * * + t . * t ~ * ~ * * ~ * * * * * * = ~ * * * * = ~ * ~ * * * ~ ~ ~ ~ * ~ * : ~ * ~ : ~ ~ ~ : ~ ~ = ~ ~ * * ~ ~ ~ *  

I M P L I C I T   R E A L * 0 1 D l r C O M P L E X : 1 6 1 C )  
C ~ M P L E X * I ~  n c n P L x  
D I M E N S I O N  O P R M T 1 5 ~ ~ O Y I l ~ r O O E R Y I l ~ 1 0 A l l X 1 1 6 . 1 ~  
D I M E N S I O N  C T H 1 4 ~ ~ C 1 1 4 1 ~ D T H 1 4 1 1 D T H l 1 4 1 , 0 R R 1 4 ~  
EXTERNAL  FCTrnUTP 
COMMON / A /  OlM.OK 

COMMON / C C /   D T A l l 2  

COMMON /XI D L I D L I ~ D L Z  
COMMON I F /  D Z S  

COMMON 111 C l r D T H l v D R B  
COMMDH lMRMC/  O Y R T E I O M R M  

c n M n o N  181 MM 

10 R E A 0   1 5 r 1 0 0 1   D M r D L I O F ~ O X I O T H  
100 FORMAT I B l O l D ~ 2 1 1  

Y R l T E  1 6 . 6 0 0 )  
IFI0F.LE.O.I  GO T O  304 
IFll lL.LE.O.1 GO T O  3 0 5  
IFI0M.LE.I . I  GO T O  306 

O P l = 3 . 1 4 1 5 9 2 6 5 3 5 6 9 7 9 3 W  
I F I D X . L E . f l . . O R . O X . G E . I . I  GO T O  307 

DGAMMA= 1.4W 
DMM=DX 
0z0=.0200 
OZF=.96OD 
DTAU=I.DO/OF 
O lAU2=DTAU*OTAU 
D1M=OM*DM-l.OO 
OK=DM*OM*2 A D 0  
RH= 1 
D Z S = . 2 1 1 3 2 4 8 6 5 4 0 5 1 8 7 1 D O  
DO 500 1-1.4 
D T H l l l l = O T H l l l  
DTHlII=OPl*DTHIII/l0O.D0 
D A A = O C O S I O T H I I I )  
O B B = O L * D S I N ( ~ T H I 1 l I  
D R B l I I = D L / O S O R T I O A A * O A A + O B R * O B B ~  
CTH11)=DCMPLXIO.DO,OTHll)I 

r 

r. 
r 

9 2 1  

9 2 0  

I R O  

In1 

5 
6HCP I r b X l h H C P 1  

O P R ~ T 1 4 ) = 1 . O - 6  
N D l M = l  
C A L L  D H P C 6 l D P R M T ~ O Y ~ O ~ E R Y ~ N O l M ~ l H L F ~ F C T ~ O U T P ~ O A U X ~  
I F I I H L F . G T . 1 0 )  G O  T O  10 

W R I T E   l 6 . l R O )  
IF(MM.GT.1) GO T O  10 

1 0 3  FORMAT  I lH0 .44HSTART OF I N T E G R A T I O N  FROM 5 " I X )  = 0 T O  T A I L I / l  
2 3  H R I T E  16.1n3)  

n v l l I = o . n o  

n P R u T l l ) = n z s  

WRITE  16 .5 )  

ODERYl1 )=1 .DO 

O P R M T l 2 ) = O Z F  
OPRMT13)= .001DO 
nPRMT14) - l . n -b  
N D l H = l  
IFIDMRM.EO.O.1 GO TO 9 2 2  
MRM=HRH-l  
DWRTE-MRM 
OWRTE-DWRTEtDMM 

9 2 2   C O N T I N U E  
DMRM=OHM 

C A L L  0 H P C G l ~ P R M T ~ O Y ~ D D F R Y . N D l n . I H L F ~ F C T ~ O U T P ~ D A l l X ~  
Go Tn 10 

1 r 6 X  

600 F O R M 4 1   I 1 H 1 ~ 3 5 X 6 7 H C A L C I I L A T l ~ N   n F   T H E  SURFACE  AN0 FLOU F I E L D  PRESSU 
1 R E   D l S T R l O l l T l O N  FOR /3hX67HPI IRELY  SUPERSONIC  FLOW  ABWT A N O N L l F T l  
2NG  PARABnL IC-ARC RODY,  H H l C H   / 3 6 X h 5 H H A S  AN E L L I P T I C  CROSS S E C T I O N  

~ ~. 

4NG  THE  ENTIRE  LENGTH  OF  THE B O D Y ,  B Y  U S I N G   1 3 6 X 6 3 H T H E   M E T H O D  OF L O  
3 T H A T   H A I N T I I N S   A   C O N S T A N T   R A T I O   O F  /36X65HMAJOR T O  M l N n R   A X E S  ALO 

5 C A L   L I N E A R I Z A T I O N  AND  THE  TRANSONIC E O U I V A L E N C E   / 3 6 X 4 H R U L E / / / l  

6 0 2  FORMAT I 1 H  ,31HRAT10  OF  MAJOR T O  MINOR  AXES = ,5X,DI2.51 
601 FORMPT. !E  1 E H B O O Y  AND  FLOW F I E L D   C H A R I C T E R ~ S T I C S I / I  

6 0 3   F O R b A T  I 1 H   - 3 h H F l N E N E S S   R A T I O  OF E O U I V A L E N T  RDOY = ,012.51 
604 FORMAT I 1 H   v 2 D H S " I X I  3 0 A T   X / L  = r l 6 X . n l 2 . 5 1  
6 0 5  FORMAT I 1 H   , 2 6 H R A T I O   O F   S P E C I F I C   H E A T S  = , l O X t D 1 2 . 5 1  
6 0 6  FORMAT I1H  ,26HFRFE  STREAM  MACH NUMBER = . IOX.O12.51 

400 F O R M I T   I I H O v 4 0 H F I N F N E S S   R A T I O   N U S T   B E   G R E A T E R   T H A N  Z E R O 1  
3 0 4  WRITE 1 6 , ~ n n )  



SUBROUTINE  FCTIDX.OY,DZI 

O IMENSIOU O Y ( 1 l . 0 2 1 1 1  
I M P L I C I T   R E A L * R I D I  

COMMON / A /  n l M 9 0 U  
COMMON /R/ PM 
COMMON / E /  n w  
COMMON IFI n 2 s  
D A = I ) S P I I D X )  

O A 3 = O S 3 P I ( D X I  
D A 2 r D S Z P I I O X I  

O H F ~ D A 2 * D L ~ ~ l O A / l D X ~ O X l ~ + 2 . D O ~ O l N T l D X I  
nUU=DlM+Dl ( * (nY I l )+DHF)  
I F I D U U I   2 9 2 1 1  

RETl lRN 
1 D ~ I ~ I = O A ~ ~ ~ ~ L ~ G I ~ I I I I I  

2 "-2 
YRITE 16.100) D X  

100 FORMAT l l H O 1 4 3 H L O G  ARGUMENT IH*M-tl+KlJ) IS NEGATlVE AT X = ,n12.51 
I F I D X - O Z S I  3.4.4 

701 FORMAT I I H  rb9HPRnGRAM  TERMINATED  BECAUSE  INPUT MACH  NUMBER LESS T 
3 W R I T E  16.701l 

4 RETl lRN 
lHAN I I P P E R   C R I T I C A L  ) 

E N 0  

SUBROUTINE ~ U T P ( O X ~ D I I D O E R I ~ I H C F I W O l l l r D I I n T l  
I M P L I C I T   R E A L ~ R I D ~ ~ C O ~ P L E X t l 6 l C l  

COMMON / E /  DHF 
D I M E N S I O N   D Y l l I r O D E R Y I l l r O P R M T 1 5 1 ~ D C P F I 0 ~ . D T H 1 1 4 ) r C 1 1 4 ~ , O R R 1 4 ~  

COMMON /MRMC/ W R T E ~ I l H P M  
COMMON 1x1 ~L.~LI.OLZ 
COMMON IYI Cl rDTHI .OR8 
IF I IHLF .GT.101  GO 10 In 
I F I n X . L E . . O l . O R . D X . G E . . ~ 9 1  GO TO 30 

~. 

OCPB=-OA*DF1+0B*DFZ-DCPl  
CALL  CPFLOICS.DF l rOF2)  

D n  2 J=I,B 
O J = J  
C R = O R F s D J * C I l I I  
C A L L   C P F L 9 I C S v D F l . i l F Z I  

102 FORMAT i l H O r 7 4 H I N T E G R A T I ~ N   T E R M I N A T E D   B E C A U S E   A C C U M U L A T E D  ERRORS H 
l A V E   C P I I S E n   I N T E G R A T l n N   / 1 X 5 5 H S U B R O l l T I N E  TO R I S E C T  O R I G I N A L  STEP SI 
2 Z E  1.0 l l l l  10 TII.:ES I 

10 W R I T E   l b . l O 2 l  

G ~ I  T n  3 0  
F N n  

OL=IIL/II~ 
03=CRZ*CR3 

DFZ=D2-D4 
RETl lRN 
END 

F U K T I l l N  131tITfD2 1 
I M P L I C I T   R E A L * 8 ( O I  

COMMON /CC/   DTA l l2  
DINT=l2.DO*~TAU2+OZ+l-l.DO+l~5DO*O~~ 
RETIJRN 
END 

FUNCTION  ORS0 lDZ I 
I M P L I C I T   R E A L t R l O l  



b P 
B 
E' 
m 



10 READ 1 5 . 1 n n 1  ON.DL,OF.OX,~TH 
COMMON /MR*C/ OWRTEIOMRM 

IO0 FORMAT I R l O l O . 2 1 I  



t-l 
0 
0 

r 
L 
L 

c. 
r 
r, 

r. 
C 
C 



1 

END 

50 

6 0  
30 

2  
1 

1 nn 
101 

I n  

IFlnX.LE..O1.OR.OX.TE..991 GO TO 30 
I F l O M R M l  5 0 . 3 O 1 b 0  
IFIDX.GT.DURTE1  RETIIRN 

DO 1 1.1.4 
CR=DRBIII*CIII) 
C A L L   C P F L n ( C R . n F l I D F 2 I  
oCPB=-DAt( lFI+OR*nFZ-DCPl 
on 7 J = I , ~  

b 
B 

W 



FNO 

F U N C T I O N   O S P l  1 0 2 )  
I M P L I C I T   R F A L t 8 I D I  
COMMON /CC/  OTAIJZ 
OS1=0Z*Il.OO-DZI 

RETURN 
END 

DSPI=OTAUZ*~SI*~SI 

F U N C T I O N   O S l P l l O Z I  

COMMON /CC/  OTAUZ 
I M P L I C I T   R E A L * B l D l  

R E T l l R N  
E N 0  

~ s I P I = z . ~ o ~ ~ T A u z ~ D z ~ I I . D o - ~ ~ ~ ~ ~ I . ~ ~ - z . D ~ ~ ~ ~ I  

F U N C T I O N  O S Z P I I D Z I  
l M P L l C l T   R E A L * B l O l  
COMMON /CC/  OTAUZ 
D S Z P I = 2 . O O * D T A U 2 * I I . O O - b . D O ~ ~ Z ~ l 1 . D 0 - D Z l 1  
RESURN 
E N 0  

END 

F U N C T I O N   O S 4 P I I O Z I  
I M P L I C I T   R E A L * B I O I  
COMMON /CC/  OTAIJZ 
OS4PI=24.O0* 'OTAl lZ 
RETURN 
E FID 

m 

F U N C T I O N   f l S 5 P l l O Z I  

DSSPI=O.DO 
I M P L I C I T   R E A L * R l D l  

RETIJPN 
END 



C THE INPUT  OATA  FOR T H I S  PROGRAM  ARE ALL  REAL  CONSTANTS  AND  ARE I N -  
C  PUTTED ON TU0 CARDS  AS  FOLLOWS 

C. COLllMNS 1 T n  IO--FREE  STREAM  MACH  NUMBER 
C   F I R S T   C A R D  

C  COLIIMNS I 1  T O  2 0 - - R A T l n  OF MAJOR  TO  MINOR  AXES  OF E L L I P T I C   C R n S S  
C SECTION 

C  COLllWYS 3 1   T n  LO- -1NTFRVAL  S IZE   AS  FRACTION  OF BOOV  LENGTH  FnR 
C COLllMNS 2 1  117 30- -F INENESS  RATIO  OF  EQUIVALENT  BnDY OF REVOLl lT lON 

C  PMESSURE O I S T R I R I I T l O N   P R I N T - O U T  
C  COLUMNS 41 T O  BO--FnllR  ANGLES  OF  ATTACK I I N  OEGREESI  WITH  EACH 

C  SECOND  CARD 

C  SURFACE Y I T H  EACH  SUCCESSIVE  ANGLE  OCCUPVING  A  SPACE  OF IO COLUMNS 
C  COLUMNS 1 T O  I O - - F I V E  ANGULAR LOCATIONS I I N  OEGREESI OH THE B D D V  

C 
C 

C THE F I V E   I N P U T T E D  ANGULAR LOCATIONS OF T H E   I Z I M U T H A L  ANGLE,  THETA. 
C THE  OUTPUT  PRESSURE D I S T R I B U T I O N S  ARE G I V E N  ON THE BOOV  SURFACE AT 

C I N  THE  CROSS FLOW PLANE  AN0  FOR  THE  F0UR  INPUTTED  ANGLES n F  ATTACK 
C 

r. SUCCESSIVE ANGLE OCCUPYING pi SPACE OF IO CNUMNS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
C 
C   M A I N  PROGRAM 

I M P L I C I T   R E A L * B I D )  
D I M E N S I O N  OPRMT151tOYl1~~ODERYI11~OAUXll6rlI 
OIMENSION OOI5~~r001151~00215lrDTHI5I~OTH1151 
D I H E N S I O N  O A L P H A l S ~ ~ O A L P H l l 4 1 r D S S P 1 4 1 r D S C 1 4 ~ ~ D C S Q I 4 1 ~ 0 S 1 4 ~ ~ D C 1 4 ~  
EXTERNAL FCT.OUTP 

oL2=nL**4-1.DlJ 

oL4=OL. IoL**3+oL+2.oo l  
DO 1 0 2  1=115 

1 0 2  OTnII)=DPI~DTHII)/l0O.DO 
O T H l l I l - O T U I I I  

00 399 K.1.5 
D O I K I - O C P T K S I O T H I K I I  
D O 1 1 K 1 - O C P L l I D T H I Y I I  
O O 2 I K I = D C P L 2 I O T H I K I l  

DO 398 I = l r 4  
O A L P H l l  I I = O A L P H A l  I I 
OALPHAlllnOPllDILPHA1l~/~0O.DO 
O S l l ) = O S I N I D A L P H A I I I I  

oSSLllII=OSIII.DSIII 
D C I I I - D C O S I D A L P W A I I I )  

n s c l r I = o s I I ) * o c I I )  

D L ~ = I O L * : ~ . ~ O O I * I O L + ~ . D O )  

399 CONTINUE 

390 D C S n I I l = D C I l I * D C l I l  
C 
C  START  OF  INTEGRATION  PROCEDURE 
r 

W R I T E   I 6 , 6 O l I  

W R I T E  1 6 ~ 6 0 3 1  OF 
W R I T E  I 6 . 6 0 2 )   D L  

WRITE I 6 ~ 6 0 5 1  O Z S  
Y R l T E  16.6051 OGAHMA 

... . - 
DYRTE=OWRTE:OMMt.O01 
0MRM"OMY 

W R I T E   1 6 . 1 0 0 1  
920 CONTINUE 

180 FORMAT 1 1 H  I 



bOO  FORMLT I L H l ~ 3 5 X C l H C 4 L C I I L b T l O N  OF SI IRFALF  PQFSSIIRF D I 5 1 P I I I I I T I O I ~ ' 5  F I '  

2 ,   Y H l C H  H4S AN F L L l P T l C  C.ROSS /3hht=ZHSFCTl i8 \ '  THbT l M b l l ' T A I * 1 S  A CO"5 
1 R  PURELY  S I IRSnNIC  /3hXhRHFLOW  hP l IU1  A L I F T I h I G   P A R A R r ' L I C - A R C  Hl l i l )  

4F THE BODY. B Y  U S I N G  THE METHOD  flF L O C 4 L 1 3 6 X ~ B H L I N E A H I Z h T I O N  AND T 
3 T A N T  R 4 T I O  OF  MAJOR TO MINOR  AXES  /36Xb5HALnNG  THE  El%ITIRF  LFNGTH P 

5 H E   T R A N S O I I I C   E O U l V b L E N C E   R I J L E / / / I  

h O 2  FORMAT ( 1 H  , 3 1 H R A T l O  OF MAJOR TO MINOR  AXES = .5X.O12.5I  
bo1 FORMAT I I H  .35HPOOI AN0 FLOW F l E C O   C H A R K T E R I S T I C S / / I  

603 FORMAT l 1 H  v 3 6 W F I N E N E S S   R b T l f l  OF E O I I I V A L F W T  RDDV = .r,12.51 
604 FORMAT I1H t 2 O H S * ~ I X )  = 0 4 T   X I L  = ,16X.n12.51 
605 FORMAT I 1 H  . Z h H R b T l O  OF S P E C I F I C   H E A T S  = , 1 0 X 1 0 1 7 . 5 1  
606 FORM4T I1H  ,26HFREE  STREAM  MACH  Nl lHRER = ~ 1 O X . D l 2 . 5 1  

400 F O R M A T   ( I H O 1 4 0 H F I N E N E S S   R 4 T l O  HIIS1 B €  GREATER THbN Z E R O I  
304 Y R l T E   1 6 . 4 0 0 )  

1 E R O I  
C" T" 1" 

106 H R l T E  1 6 ~ ~ 0 2 1  
LO2  FORMAT  (113H FREE STREIM  l4ACH  NUHRER  MUST ME GREATER  THAN O 4NO  LE 

.,I .I .- 
1 S C  THAN  THE  LOVFR  CRITICAL  MACH  NI IMBER  WHICH I S  L E S S  TH4N 11 

301 H R I T E  ( 6 , 4 0 3 1  
GO TO LO 

403 FORMAT 11H01B9H I N T E R V b L   S I Z E  FOR  PKESSI IRE  n lSTRIRI IT ION  PRINT-OI IT  
lMUST  BE  GREATER  THAN 0 4 N n   L E S S  THAI.' I I 

GO 10 10 
END 

COMMON / A /  OlMrDK 
COMMON 101 MM 
COMMOE: / E /  OEF 
O A - O S P I l D X l  

DA3-0S3PIlOXI 
O A 2 = D S P P l I O X I  

O E F = O A 2 * ~ D L O G I D A / ~ O X a l l . O O - D X I ) I * 3 . ~ 0 ~  
D U U = - D I M - O K * ~ O V I I I * O E F I  

2 MH-2 

loo FORMATIIHO.43HLOG ARGUMENT I I - M * M - C I I l  I S  N E G b T l V F  LT X = ,"1?.51 
Y R l T E  l 6 r 7 0 0 1  OX 

701 FORMAT (1H *72HPROGRbM  TERMINATED  BECAUSE  IVPUT I.:'LY NUMBER GREbTf 
Y R I T E  I 6 , l O l I  

1 R  THAN L O Y E R   C R I T I C A L l  
RETURN 
END 

CONTINUE 
DYRTE=DWRTE+Ol~lRM 
RETURN 
Y R l T E  l 6 . 1 0 0 1  

100 FORMbT  l lHO~74H1NTEGRATION  TERMINATE0  BECAI I5E   ACCUMULbTED  ERRORS H 

2 Z E   I . O O 1 l  10 T I M E S  1 
l A V E   C A U S E D   I N T E G R A T I O N   / I X 5 5 H S U B R O I I T I N t  Tfl P l S F C T   O R I G I N A L  STEP SI 

GO TO 3 0  
E N 0  

F U N C T I O N  O L P L 2 l O T ~ E l ~ I  
I M P L I C I T  R F A L * B I P l  

E N n  

m 



FUNCTION D S P l l O Z l  
I M P L I C I T  R E A L * 8 1 O I  
COMMrwl l C C l  OTAUZ 
D S l = O Z * l l . D l 1 - O Z l  

RETURN 
EN0 

OSPI=OTAUZ*~SI*~SI 

FUNCTION n s ? P l I D z )  
I M P L I C I T   R E A L * 8 1 O I  
COMMON fCCf   OTAUZ 
DS2PI=Z.DO~OTAllZ*11.DO-h.DOt~Z~l1.110-U211 
RETl lRN 
END 

FUNCTION O S ~ P I I ~ Z I  
I ’ P L I C l T   R E I L * 8 1 n I  
COMMON fCCf   OTAUZ 

RETURN 
END 

o~3~1=1~.no*o~~~~*1~.oo*nz-1.no1 

3 



COLUMNS 21 T O   3 0 " F l h E N E S S   R A T I O  OF EOUI \ 'ALENT  RnDY  nF   REVI lL I lT Inh l  
COLUMNS 3 1  TO L O - - I N T € R V A L   S I Z E  AS F R A C T I O N  [IF  BODY  LENGTH  FOR 
P R E S S U R E   Q I S T R I B U T I O N   P R I N T - O U T  
COLUMNS 41 T O  BD--FOIIR  ANGLES OF bTTACK [ I N  O E G R E F S I   H I T H   E A C H  

COMMON n L L l  

COMMON / R f  MH 
COMMON / A /  DlM.DK 

COWON 
COMMON 

C H O N  
COllllOH 
COMMON 
COMMON 

/CC/  OTAU2 
/ F /  n 7 5  

I P /   n T A "  

I F I n M M - . O O I I   9 2 0 . 9 2 0 , 9 ? 1  

M R M = O W R T F  
921   DWRTE=DZS/DMM+l .  

101 

5 



GO TO IO 
END 

1 

2 

700 

3 
701 

SUBROUTINE  FCTIDXIDY70ZI  
I M P L I C I T   ' I E A C * U I O I  

COHMrlN /A /   D lH ,DK 
O I R E N S I n N  nYll1,DZI11 

COMHON / R /  MI1 
COWMOEI / F /  nHF 
COMMON IF/ D l 5  
D A - 0 S P I l D X l  
O A 2 - D S Z P I l O X l  
O A 3 = 0 S 3 P I I D X )  
D H F = f l A 2 5 D L ~ T r l O A / I D X ~ D X I ~ + 2 . f l O ~ : ~ l i ~ T I D X ~  
D I J U = D l C l + f l K ~ l ~ Y I I ) + I J H F I  

O Z I l I = D A 3 ~ ~ L P ~ I I I I l l l l  
I F l D U U l   2 1 2 ~ 1  

RETURN 

4 R E T U R N  
l H A N  1JPPER C Q I T I C h L  I 

E m  



m 

RETURN 
END 

FUNCTION ~ S P I I D Z I  
I M P L I C I T   R E A L * I I D I  
COMMON /CC/  DTAUZ 
OSl=DZ*I1.DO-OZI 
O S P I = D T A U Z E D S l * O S 1  
RETURN 
E N 0  

F U N C T I O N   O S Z P l l D Z l  
I M P L I C I T   R E A L * I I D I  
COMMON /CC/ OTAUZ 
OSZPI=Z.OO*DTAIIZ* I   1 .0O-b.n0*02*I  1.DO-UZ I I 
RETURN 
END 

F U N C T I O N   D S 3 P I l O Z I  
I M P L I C I T   R F A L t 8 l O l  
COMMON /CC/  OTAUZ 
0 S 3 P 1 = 1 2 . D 0 ~ 0 T A U 2 ~ 1 2 . 0 0 * 0 2 - 1 . 0 0 1  
RETURN 
END 

C  THF  INTEGQATING  SUaROUTINE  DHPCG  IOOU3LE  PRECIS ION \ I E R 5 I O H I  USED  WITH 
< T H I S  PROGRA'4 15 THF  SAUF  A5  USED I N  THE PROGRAM  FOP  CALCULATING 
C SURFACF  AN0   FLOd  F IELD  PRCS5URE  O ISTRIEJT IONS  FOH  FREE  bTREAM  MACH 
C NUPRERS AT 37 NEAR 1 Oh! W V L I F T I N G  B O D I E S  OF REVOLUTI0 : l   HAVING OR- 
t Olb!ATSS 9 P ? O D ~ R T I O ~ I A L  T ?  X - X * * L :  OR I-X-ll-X)*+N 
C CnR A L ! C T l t ! 5  OF THIS SUPQC.:TlNE SEE  THAT  PROGRAM 

5 3 B D O U I I V E  O H P r G l P R r l r r r n F R l I ~ n I M . I H L F I F C I I O ~ I P . A Y I 1  



r 

!" 

W 
0 



I F l P A P S I D I I 1 1 - O 1 I I I . L T . l . ~ - l 0 l  G O  T O  1'. 

N=N+1 
IF IN.GT.111 GO T O  2 0 0  

n u l = D u 1 1  

Gn T O  1 3  
2 0 0   H R I T E   l 6 r 1 0 4 1  
ID4 FORMAT 11HO94X73HPROGRAH  TERMINATED RECAWSE 1; I T l I L   O E Q l \ ' A T I \ ' F  06 

I11 A T  St*IXl E D R E O U I R E P   / 5 X h B H F l I R   T P V L n V   S F Q I F S   C T A R T  AT T h l i T  Pnl 
2NT  CPNNOT FIE D E T E R H I N E I )   T O   W I T H I N   / 5 X 3 6 H C l I F F I C I c ' , T   A C C l l R P C V  1,'. I n  
3 1 T E R A T l O N S l  

I F I N . G T . l l l  GO TO 10 
14 o u l = o U 1 1  

C 
C C A L C U L A T l n K   O F   T H E   I N I T I A L   2 N O   O E R I V A T I V F  (IF I1 
C 

O P 3 1 = O A 3 / 0 l l l  
D21=36.00*DTAU2 

OAMl=DAH+DLOGIOU11 
OU2=lDA4*0AM1+2.DO~DA3*lDlN~l1~D0-OA311-I~~~/~ZSI+P?I~/ll.l~n-2~OO 

I * D A 3 1 1  
C 

C A L C U L A T I O N   O F   T H E   I N I T I A L   3 R O   D E R l V A T l V F  (IF I1 

I D A 3 1  I 
C 
C   C A L C U L A T I O N  O f  THE I N I T I A L   4 T H   O E R I V A T I V F  (IF U 
C 

041=0.00 

D 3 C = 0 3 1 + 0 3 C l  
D 3 1 = D U 3 / O U L - 0 3 1 1  

O k l l = l O l N : l D A 5 - 3 . O O * O A 4 * O ~ N l + D 3 N 8 l 6 . ~ ~ ~ ~ A l ~ ~ ~ ~ ' ~ + ~ A 3 ~ I / O l l l  

O u k ~ ( O A b ~ O A l l l + 4 . O 0 ~ O A 5 b O 2 C + 6 . O O * O A ~ ~ O 3 C + ~ . ~ ~ ~ P A ~ ~ I - 1 ~ 4 1 1 + D 4 C 1 l + 0 4 1  
D 4 C 1 = - 3 . o 0 ~ o 3 1 : o 3 1 ~ o 2 ~ + ~ . ~ o * 1 o ~ ~ t ~ ~ 1 + ~ 3 ~ 1 + ~ . n ~ ~ : n l r ~ ~ - ~ . P 0 ~ 1 ~ ~ s ~ " ~ 1  

l I / l l ~ D O - 4 ~ D O * D A 3 1 1  
C 
C   C A L C U L A T I O N   O F   T H E   I N I T I A L   5 T H   O E R I V A T I V F   O F  I 1  
C 

051-0.00 

1~DA4-12.OO*OA3*01NIl/DU1 
O 5 1 1 ~ I O l N + l O 1 b - k . O O ~ O A 5 8 O ~ N l + 4 . O D * D ~ 4 ~ O l ~ ' 3 + l D 3 ~ ~ + 2 . U ~ ~ l ~ l ~ 3 l ~ 1 4 . ~ D  

0 4 1 = D U 4 / O U L - 0 k 1 1  
O k C - O S I + D 4 C l  

l l - D 5 1 ~ - 4 . D O * D 4 1 ~ 0 2 I t 1 2 . 0 0 * D 3 1 t D 2 1 * ~ 2 1 - 3 . P 0 ~ ~ 3 1 ~ 0 3 1 - 6 . ~ O * 1 P 2 ~ ~ ~ 4 l +  
D U 5 ~ I O A 7 t D A ~ I + 5 . O O + D A b * O 2 C + l D . O O U O A 5 ~ O 3 C + l O . ~ ~ ~ ~ A 4 ~ ~ ~ C + 5 ~ ~ O ~ O A 3 ~  

204N-4.0Ot03N*O1N-b.00t01~2+6.DO/l0~S~~4ll+~5l1/1I.O0-~.~0~~A311 
C 
C START OF INTEGRATION  PROCEDURE 
r 

5 FORMAT I 1 H  ~ 6 X ~ I H X ~ B X ~ I 0 H A L P H A 1 O E G l ~ 5 1 2 X . 3 ' C P ~ ~ F h . 1 ~ 4 H l l E G I l / I  
WRITE  16 .5)  D T H I  

9 2 2   C O P ~ T l N U E  
2 1  DPRMT13l= .POlDO 

D P R H l I 4 I = l . n - b  

N O I M = l  
C A L L  D H P C G I O P R M T I D Y I O D E R V . N D I M . I H L F ~ F C T ~ ~ U T P ~ O A U X l  
I F l l H L F . 6 T . I O I  GO T O  10 
IF lMM.EO.ZI  GO TO 2 9  

n n E R v l 1 1 - 1 . n o  

2 A  GO TO 10 
IFIMM.EO.~I GO T O  30 

Z Q  n v ( 1  I=DV 
O P R M T l l l = O V 3  
MM- 1 
W R I T E   1 6 r 5 1   D T H l  
GO T O  2 1  

OSH=OSL*10Ul I2+02MI  
DX3=DX12+DSH 
DX4=2.DD*DX3-OX12 

30 osL=(Dxlz-nxlII/(ouuI-ouuzI 

U H I T E   1 6 , 7 n 5 1  
205 FORMAT I l H O , 2 9 H S T A R T  OF SIIRSnNlC C A L C U L A T I O N 1  

5 0 9  F@KI.lAT l l H 0 , 3 5 H L O G  ARGLIMFWT I I ~ ~ ~ ~ I 4 - l + K L I I  = 0 AT X = ~ 0 1 2 . 5 1  

5 1 0  FORMAT I l H 0 . 3 5 H S U R S O N I C   C I L C U L A T I O N   R E G l t ' S  AT X  = q D 1 2 . 5 / / 1  

IWKITE l h q 5 0 9 1  O X 3  

WRITE  16 ,5101   DX4  

OPRMTI 1 I - n X 4  
r l V ~ l l = - n U I I 2 - 2 . n O = D L M  

W R I T E   1 6 . 5 1   D T H l  
H M =  1 

G O  TO 2 1  
400 FORMAT I l H l , 3 5 X 6 4 H C A L C I I L A T l D l ~  OF  Sl lRFACE  PRESSURE n l S T R I R l l T l f l N S   F O  

1R  FLOH N l T H  F R E E   / 3 6 X C l H S l K f A I ~ '  MACH INUMPER AT OR IJEAR 1 P P O l l T  A L 
2 l F T l N G   P A R A R D L I C - A H C   / 3 6 X 5 4 H P O n Y 9   W H I C H   H A S  AI.' E L L I P T I C   C R n S S   S E C T  

4ALOhlG  THE  EMTIRE  LENGTH  /96X59HOF  THE  BOnY,  PY I l S l N G   T H E  MFTHOD OF 
3 1 O N   T H A T   M A I N T A I N S   A   / 3 6 X h l H C O I \ I S T A N T   R A T I O   n F  MAJOR T O   M I N O R  AXES 

5   L O C A L   L I M E L R I Z b T l O h I  ANI) 1 3 6 X 3 D H T H E   T R A N S O k ' I C   E O l l I V A L E N C E   R l l L E / / / l  
6 0 1  FORMAT I l H  ,35HRODY ANI) F L D H   F I E L D   C H A H A C T E R I S T I C S / / l  

6 0 3  FPRMAT I 1 H   . 3 h H F I N E N E S S   P A T I O   O F   E O U I V A L F N T   R O n V  = .n12.51  
6 0 2  FnRI4AT 1 1 H   , 3 1 H G A T I O   O F  IbAJOR T n   M I N O R   A X E S  = ,5X,O12.51 

604 FORl lAT I l H   . 2 O H S " I X I  = 0 L T  X / L  = , l6X.O12.51 
6 0 5  FORMAT IIH . 2 h H R A T I O  OF S P E C I F I C   H E A T S  = . lnX.D12.51  
6 0 6  FORMAT I l U  ,26HFREE  STHEAI4  MACH INllflBER = ,10XlI)12.51 

3 0 5  WRITE 16.4n11 
r,n T n  10 

4 0 1  FORMAT ( l H 0 , 5 4 H R A T l O  OF  INAJOR TO  MINOR  AXES  MUST  RE  CQEATER  THAN Z 
I E R O l  
T.0 T O  10 

3 0 7  KPITF 1 6 . 4 n 3 1  
4 0 3   F n H 9 A T   I I H n , R Q H   I N T E P V A L   S I Z E  FPU PRESS'IC'F n l S T R l ~ l l T I l ~ i  PRINT-DI IT  

1 l i l l S T  BF  GREATEF'  THLN 0 bElll L E S S   T l l A N  1 I 
G O  T l l  10 
FE1P 



FIINCTIOh'  n C P T K S I n T H F T b 1  
I I ' P L l C l T  D .F .AL~( I l n1  

FUNCTInC! n T P L l l n T H E T A 1  

RETURN 
f N 0  

m 



FUNCTION nRlnzI 
I M P L I C I T   R E A L I h l n I  
COHMflN / P I  DTAU 

RETURN 
OR=2.~O~~TAU*I1.0@-2.00~02~ 

Eh'O 

F U E l C T l D N   n R S n l O Z I  
I M P L I C I T   R E b L : 8 l D l  
CDMMnN /CC/  DTAUZ 

D R S ~ = ~ . ~ ~ * ~ T A I I ~ ~ ~ S ~ : ' ~ ~ I  
0 ~ 1 = 1 . n 0 - 2 . n 0 ~ ~ 0 2  

RETIJRN 
END 

FUNCTION n s P I l l z 1  
I M P L I C I T   R F A L d R f O l  
COMMON /CC/   DTbU2 

D S P I = D T A I ~ ~ ~ O S I ~ : ~ I S I  
RETURN 
END 

DSI=DZ*I~.~~-OZI  

I 

m 

I 
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F igu re  5.- C h a r a c t e r i s t i c   n e t w o r k  for M, = 1 flow p a s t  a 
parabol ic -arc   body of r e v o l u t i o n   h a v i n g  a 

d i ame te r  D = 6" and t h i c k n e s s   r a t i o  
D/, l  = 1 / 1 2 .  
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